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Abstract
The use of carbon fiber reinforced polymers (CFRP) into the repair and retrofitting of
concrete structures has been growing exponentially over the past two decades
worldwide. The composite offers a superior strength- to- weight ratio as well as good
durability in various service environments. The proper implementation of CFRP
system involves a clean concrete surface, a powerful adhesive, such as epoxy resins
together with compatible CFRP. However, one of the limiting factors towards the
widespread of CFRP systems is attributed to its low resistance to elevated temperature
and fire. Hence, efforts have been exerted to better understand and quantify this
negative effect and to provide external protection for the system in order to alleviate
the negative of impact of elevated temperature.
This study focuses on assessing the impact of elevated temperature on the flexural
strength of externally bonded CFRP with and without protection. Two sets of plain
concrete beams have been prepared without protection and with a ready-to-use
cementitious protective. All beams were subjected to temperature degrees of 70, 120
and 180 °C for 1, 2, 4 and 8 hours in a furnace. The flexural strength and mode of failure
have been assessed for each set.
The results of this work demonstrate the CFRP strengthened beams experienced a
drastic loss in strength upon exposure to elevated temperature. The extent of the drop
in strength varied according to degree of exposure as well as duration. On the whole,
CFRP unprotected beams were able to restore 40% of the flexural strength at 70 °C,
while the CFRP strengthened protected beams restored 20% of the flexural strength of
the CFRP strengthened beams. At exposure of 120 °C the CFRP strengthened beams
showed increase in the flexural strength of 40% over unstrengthened unprotected
beams. The CFRP strengthened protected beams surpassed the flexural strength of the
CFRP strengthened beams at 120 °C by 20%. At exposure of 180 °C, the CFRP
strengthened protected and unprotected beams failed to restore the lost flexural strength
for the four and eight hours of exposure. This was followed by the appearance of the
normal flexural crack on all the beams. Yet, the separation of the CFRP laminates from
the concrete surface were noticed only at exposure to temperatures of 120 and 180 °C.
The preliminary cost of the CFRP strengthened unprotected was estimated as 90%
higher than the unstrengthened unprotected beams and the CFRP strengthened
protected assessed as 16% higher than the CFRP strengthened unprotected.
The results unveiled the ability of the CFRP strengthened beams to enhance the
flexural strength upon exposure to elevated temperature along with the ability of the
fire protection system to further improve this strength. Future work should be resumed
to investigate wider sets of composites, various temperatures schemes, long term
properties as well as applying the system to steel reinforced beams. It is also
recommended to investigate the cooling effect on the performance of the strengthened
and protected beams.
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Chapter 1: Introduction
1.1 Background
One of the key challenges that face a nation as its infrastructure ripens is the
growing number of the deteriorated structures (Yang et al. 2007). The reasons among
which the concrete structures deteriorated varied among exposure to harsh
environmental factors, construction and design faults (Dong et al. 2012). Most of the
structures needed repairing, as the structure could not carry the applied loads and failed
to be durable in its environment (Lobo 2007; Setunge et al. 2005). The urge to shift
towards effective durable strengthening and repairing techniques led to the wide spread
of fiber reinforced polymers (FRP) composite materials.

The utilization of the FRP composites has invaded increasingly the
enhancements along with the substitution of infrastructure components (Mauselli
2013; Belarbi et al. 2011). The FRP composites proved to have several advantages
over the conventional repairing materials since their application is easy, the materials
possess high stiffness and high flexibility with ability of fitting into any geometry as
illustrated in Figure 1.1 below. The cost per unit of this composite material is relatively
costly compared to the conventional reinforcing materials. But with the increased
demand and higher market share, the unit cost of the material is expected to decrease
notably. However, there are applications where FRP strengthening systems showed to
be cost effective repairing technique (Mauselli 2013).
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The FRP composites possess elevated “strength-to weight ratio” and proper
corrosion resistance (Belarbi et al. 2011; William et al. 2005). Successfully, the FRP
composites showed improvements in repairing the damaged structures and delaying the
whole replacement process (Mikami et al. 2015). Over the last two decades, the FRP
composite materials have been utilized in lengthening the service period and enhancing
the load carrying capacity (Gunes et al.

2013).

The FRP composites are fairly novel related to the traditional materials used in
the construction industry. Over the past five decades, the FRP materials have been used
in the aerospace and automotive industries for the casings of the rocket motors fulfilling
their requirements of lightweight and high strength. Ever since, they have entered the
construction industry as one of the most practical effective materials for the repairing
and strengthening techniques of the construction industry beating the conventional
techniques (Bakis et al. 2002). The 1980s are considered the actual start of developing
and researching of the FRP composites, in repairing and strengthening the concrete
structures, initiated by the Federal Highway Administration and the National Science
Foundation. Around the mid-1980s, the externally bonded FRP system have been
reported to strengthen the concrete structures along with the used of the FRP system to
replace the bonding of the steel plates in Europe (Setunge 2015).
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Figure 1.1: FRP materials tailored to fit various geometries (Alkhrdaji 2015)

1.2 FRP Composite Materials Applications
The FRP composites materials exist in different forms usually used such as glass,
aramid and carbon, while wood or paper or asbestos are used sometimes (Mauselli
2013). The applications of the FRP composites materials in the construction industry
vary among the following: FRP reinforcing rod replacing the steel bars, external
reinforcements for both concrete and steel components and FRP prestresssed rods and
cables (Hong et al. 2007). The application of the externally bonded FRP composite
materials is one of the most widely used techniques for repairing the deteriorated
concrete structures (Donge et al. 2012; Sen 2015; Foster and Bisby 2008). This method
to strengthen concrete structures ascertained to be intact and effective (Yang et al.
2007). The commonly used fibers in the construction industry are carbon fiber
reinforced polymers (CFRP) and glass fiber reinforced polymers (GFRP). The former
is used for applications where stiffness is the main concern while the latter is used when
the main concern is the strength (Mauselli 2013).
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1.3 FRP Durability
As stated in the ACI 440.2R-02, two failure modes only exist for the
calculations of the design: failure of the FRP strengthening system and compressive
failure of the concrete (ACI 440.2R-02 2002; Bank 2006). The FRP composite
materials are stated to be products that depend on the skill with non-uniformity in the
quality (Min et al. 2010).

Numerous studies, over the last ten years, revealed that the mechanical
properties of the used FRP composite materials for strengthening the concrete structure
decrease with time, including the bond strength between the FRP materials and the
concrete surface (Sen 2015). Whilst the performance of the FRP sheets on the short
terms proved to be satisfactory; however, the long-term performance of the FRP
externally bonded to the concrete structure is still questionable. The fibers components
in the FRP composite materials are the main load-carrying constituent. The resin
adhesive matrix is responsible for shielding the FRP composite materials from
deterioration and aiding the transfer of the load to the FRP materials (Peng et al. 2016).
Consequently, The durability of the bond between the FRP material and the concrete
surface is acute to the whole uprightness of the strengthening system (Mikami et al.
2015). The efficiency of this bond is dependable on various factors that could be
classified into environmental factors and synthetic factors. Among the environmental
factors are the temperature, humidity/moisture level, salt-water chemicals, ultraviolet
radiation, creep, fatigue and fire. The synthetic factors cover the following: concrete
strength, surface preparation and type of adhesive material and FRP (Mikami et al.
2015; Camata et al. 2007). The bond is affected by the rigorousness of its exposure to
any of the environmental factors along with supporting factors during the curing and
4

the installation process; either the preparation of the surface or the workmanship. In
some cases even if the installation is impeccable, the exposure of the outdoor
environment only is sufficient to deteriorate the bond between the FRP material and the
concrete surface (Sen 2015).

Among the environmental factors of highest impact on the bond is the
temperature (Camata et al. 2007). The externally bonded FRP material following
exposure to elevated temperature is expected to show high lessening in strength,
stiffness and bond properties. This usually occurs when the glass transition temperature
(Tg) of the polymer matrix or adhesive is lower than the surrounding temperature (ACI
440.2R-02 2002; Foster and Bisby 2008). For each FRP system, there is a distinctive
Tg; it usually ranges from 60 to 82 °C depending on the current available commercial
FRP systems (ACI 440.2R-02 2002).

As concluded in many previous studies, the

adhesive bond usually softens when temperature get close to the Tg leading to a
substantial reduction in strength and elastic modulus as illustrated in Figure 1.2 (Ahmed
and Kodur

2010). The ability of the FRP strengthening systems to define the

temperature limits is still debatable and neither fully defined nor specified. Sometimes,
it is recommended that the surrounding temperature should be less than the Tg by 15
°C. There is not enough experimental verification supporting the limits of the glass
transition temperature (Burke et al. 2012). Consequently, the interface between the
externally bonded FRP composite materials and the concrete surface will always
represent a weak point to the strength of the whole system (Stradford et al.
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2012).

Figure 1.2: Schematic Graph for the Tg effect on the tensile strength and elastic
modulus of the adhesive bond (Ahmed and Kodour 2010)

At high temperature, the mechanical properties of the organic polymer matrix
decrease which in accordance reduce the ability to transmit the forces between the
fibers and the surface of the concrete. Accordingly, the system is perceived as
ineffective (Foster and Bisby 2008). Moreover, when the temperature exceeds the Tg,
the adhesive bond deteriorates and slip of the interface appears (Ahmed and Kodour
2010). Although it is generally known that the FRP materials are subjected to
degradation of mechanical properties at high temperature (Kodur et al. 2007). The
mechanical properties of the FRP materials at elevated temperature for instance are
scarce. There is a lack of information regarding the bond properties/mechanical
properties of the FRP materials strengthening concrete structure exposed to elevated
temperature (Foster and Bisby 2008).

On the contrary, satisfactory research showed that well designed and insulated
FRP reinforced concrete beams and slabs have the abilities to endure the fire (Kodur et
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al. 2007). The concrete members strengthen by FRP materials when exposed to fire
found to suffer from reduction in strength and stiffness. The loss of the stiffness and
strength is affected mainly by the degradation of the bond between the concrete member
and FRP sheet (Ahmed and Kodur 2010). Unforurtantely, these investigations does not
give insights regarding the specific functioning of the FRP or the bond between FRP
system and substrate system whether during exposure to elevated temperature or after
cooling residual properties. Accordingly, sufficient information is needed to understand
the requirements that will maintain the FRP systems effective at elevated temperature
or during fire (Porter and Harries 2005).

Strengthening the concrete structures by externally bonding FRP sheets
showed to be effectual and successful application in the infrastructure industry. Only
undependable evidence is available that supports the durability and the serviceability
of the FRP strengthening systems (Karbhari et al. 2003).

1.4 Applications of FRP Systems in Egypt
Egypt geographically comprises combination of various environmental factors
such as the radiation of ultra-violet from the sunlight, humidity and periodic
temperature change. The hurried deterioration of the concrete structures in Egypt
represents one of the constant challenges in the construction industry. The areas of the
Red Sea and Mediterranean Sea, particularly, suffer from adverse environment that
accelerates the deterioration process (Mohamedin et al. 2013). Over the past two
decades in Egypt, the implementation of FRP strengthening system has gained a
distinctive attention followed by the establishment of the first Egyptian FRP code in
2005 (Housing and Building National Research Centre 2005). In 1998, the first
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strengthened concrete project by FRP materials was completed in Egypt. Many
historical building were enhanced by FRP materials such as the Egyptian Museum and
Kiatbay Fence; the latter’s strengthening was carried out by CFRP sheets (Abdelraham
et al. 2003). The durability of CFRP plates will be the subject of this study.

1.5 Statement of the Problem
The concept of externally bonding carbon fiber reinforced polymer (CFRP)
reinforcement to the tension side of the beam has been claimed to increase the flexural
capacity of the beam, and it was initiated by Meier (Meier, 1987). He was then followed
by huge literature to verify and support this strengthening technique. It was found
afterwards that the increase of the flexural strength reached “20-200%” in comparison
with the unstrengthened beam but this was modified by the ACI 440.02-08, to limits
the increase of the strengthening ratio of the CFRP materials to “40-50%”(ACI 440.2R08 2008). Dong et al. showed that based on their experimental results, the flexural
strength of the beam strengthened by CFRP changes between 41 to 125%. Therefore,
further research and investigation are needed to relinquish the limitations of the
strengthening capacity of the CFRP composite materials (Dong et al. 2012).

Under some circumstances the exposure to elevated temperature or fire hazards
is a primary concern that discourages the usage of FRP composite materials. Wu and
Li suggested that the CFRP strengthened concrete structure could exhibit a strength
reduction by 65% when reaching temperature of 300 °C in return that would affect the
serviceability of the strengthened concrete structure. In an attempt to overcome the
weakness of the polymer-based adhesive, Wu and Li suggested replacing this polymerbased adhesive by cementitious-based adhesive. The benefits of the cementitious-based
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adhesive begin with their compatibility with the concrete structure. They have the
ability to sustain the elevated temperature more than the polymer-based adhesive. On
the contrary, the brittle nature of the cementitious-based adhesive came as a
fundamental disadvantage. The cement layer would not be able to effectively transfer
the load to the CFRP composite material (Wu and Li 2016). Reviewing the recent
findings and available information, the definite behavior of the externally bonded CFRP
materials after being exposed to elevated temperature stays fundamentally unknown
(Foster and Lisby

2006). Accordingly, improvements may be made to the fire

perseverance of the FRP strengthened concrete subject to implementing certain fire
protection methods, but there is not available sufficient literature that support the
insulation of the FRP system from touching certain temperature during fire (ACI
440.2R-02 2002)

Lately, the necessity of supplementary information regarding the performance of
the CFRP materials after exposure to elevated temperature and the strength of the CFRP
strengthened beams, urged the need to further investigation of their long-term
performance. This is coupled with the critical classification of some researchers to the
available little information for the future implementation and widespread of FRP
systems in the concrete systems (Harries et al. 2003; Karbhari et al. 2003; Al-Tamimi
et al.

2014).

1.6 Work Objectives and Scope
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The objective of this work is to evaluate the impact of elevated temperatures on
the behavior of the CFRP strengthened beams along with the degree of protection that
can be provided by a cementitious mortar based adhesive system.
The aforementioned objectives are accomplished through the following:
1. Preparing set of beams consisting of unreinforced unprotected unstrengthened
plain concrete (PC) beams exposed to different temperatures of 70, 120 and 180
°C for various durations of one, two, four and eight hours
2. Second set of PC beams strengthened with CFRP laminates subjected to the
same set of temperatures of 70, 120 and 180 °C for various durations of one,
two, four and eight hours
3. Third set of PC beams strengthened with CFRP laminates and covered by a
commercially available cementitious protection layer of 20 mm thickness
exposed to the same set of temperatures of 70, 120 and 180 °C for various
durations of one, two, four and eight hours

1.7 Thesis Organization


Chapter 1: Provides an introduction to the topic along with a brief about the
FRP composite materials and their various applications. Moreover, the
objectives and scope along with the problem statement are covered.



Chapter 2: Unveils the literature review discussing the FRP materials
tackling their history, development, exceptional properties, long-term
performance, serviceability and various applications. This is coupled with
case studies showing the enhancements provided by the CFRP to the
construction industry facing the environmental factors.
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Chapter 3: Illustrates the experimental work conducted in this investigation.
The materials utilized along with the detailed procedure followed will be
revealed in this chapter.



Chapter 4: Demonstrates the results of the flexural tests conducted after
exposure to various temperatures and durations. Followed by a
comprehensive analysis elaborating the mechanical properties of the CFRP
upon exposure for certain periods of time to various elevated temperature



Chapter 5: Presents a simplified feasibility analysis of utilizing the fire
protection cementitious mortar over the CFRP strengthened systems to
provide additional protection against the elevated temperature.



Chapter 6: Presents the conclusions reached to this investigation. This is to
be followed by a set of recommendation for the future research work and
the construction industry professional that need to investigate further the
CFRP durability.



A full set of references as well as appendix are provided to be of assistance
to the reader.
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Chapter 2: Literature Review
2.1 Fiber Reinforced Polymers (FRP)
Fiber reinforced polymers, known as FRP, refers to a composite material consists
of a matrix of polymer and fiber reinforcements. The fibers usually come in the form
of glass, carbon and aramid. There are other fibers forms that are sometimes used such
as wood, paper and asbestos. As for the polymer, it comes in the form of epoxy,
thermostatic plastic, vinylester and polyester. The applications of FRP are not limited
only to the construction industry; it was originally used in the aerospace, marines and
automotive industries. The implementation of the FRP materials is growing to almost
every advanced engineering field. And the key behind the widespread of the FRP
material is its development into new advanced systems. The new developments of the
FRP materials include novel reinforcement’s types such as the nanoparticles and carbon
nanotubes as well as other high performance adhesive systems (Mauselli 2013).

The concept behind the composite materials is developing a product formed due
to combining two or more materials with significant physical and chemical properties;
each of the materials remains independent and different within the composite material.
This usually occurs through a process known as polymerization changing the polymers
properties after being combined with different additives to improve their mechanical
properties (Mauselli 2013). The constituents of the composite materials could be
naturally occurring together or engineered. The composite materials mainly consist of
two items: the matrix that includes the polymer and the structural element that carries
the load element. The structural elements usually come in the form of fibers, laminates,
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fillers and flakes. The matrix not only binds the fiber and protects them from the
external environment but also distorts and allocates the load to the fibers. The FRP
composites materials include three main elements: the polymers, fibers and additives.
The additives appear in the form plasticizer. In addition to other light and heat
stabilizers, antistatic and agents of blowing. (Have et al. 2006). The archetypal
examples of the synthetic polymer composite are the CFRP and GFRP (Mauselli
2013). The most common matrix used with the carbon and glass fibers is thermosetting
polymer made of either polyester or epoxy (Mauselli 2013).

The key function of the composite materials is primarily enhancing the strength
and the stiffness of structures. This is attained when having a stronger material with
low density in a weak polymer matrix. The mechanical properties of the composite
materials are dependable on the constituents’ properties namely the fibers and the
matrix along with their manufacturing process (Setunge 2015). Henceforth, it is
extremely important to understand the properties of the constituents to understand the
properties of the composite materials.

2.2 Properties of the FRP Materials
FRP composite materials are increasingly used in the construction industry,
coping with urge of applying effective repairing and strengthening techniques for the
increasingly number of the deteriorated concrete structures The FRP composite
materials enjoy various benefits over the conventional repairing materials and
techniques. The FRP composite materials in comparison with the conventional
materials are superb corrosion resistance materials, possessing higher strength-to
weight ratio, higher stiffness-to weight ratio and higher absorption rate of energy.
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Furthermore, they possess exceptionally fatigue resistance, low thermal conductivity
and are lightweight materials with high flexibility to be tailored into different
geometries (Taljsten 2003; Hava et al. 2006; Lee and Estrada 2009).

Generally it seems that the FRP materials are more costly than the traditional
materials since the unit per cost of the FRP materials is higher than that of the traditional
materials. However, when considering the bigger picture after calculating the
installation cost, the FRP materials may reach a stage where they could defeat the
conventional materials. As mentioned above, the FRP is a corrosion resistance material,
which plays a role in reducing its maintenance cost (Toutanji et al. 2006). Taking into
account the lightweight of the FRP materials, the transportation would cost less then.
The FRP sheets beat the conventional strengthening materials such as the steel plates
in overcoming the limited lengths of the steel plates. The FRP materials can come in
rolls up to 250 m length (Toutanji et al. 2006). In addition to sometimes where the
prefabrication process takes place at the factory, the time is reduced for the actual work
to be done on site. In this manner, the easy handling of the FRP materials reduces the
cost of labor (Toutanji et al. 2006). It is worth mentioning that for example
strengthening RC bridge girder with FRP composite materials, there will be no need to
interrupt the operation of the bridge or the traffic. This is due to the easy application of
externally bonded CFRP composite that applied in wet lay-up to attain flexural
strengthening (Lee and Estrada 2009). Highlighting the life cycle of the FRP materials,
it has a significant advantage over the conventional materials with a promising potential
of lower life cycle costs compared to conventional strengthening materials (Taljisten
2003; Lee and Estrada 2009). It is anticipated that upon the amplified demand and with
higher market share, the unit cost of the FRP would decrease (Mauselli 2013).
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2.3 Concerns Regarding FRP Materials
However, Maueslli accentuated on some of the disadvantages of the FRP
materials particularly in the construction industry. The FRP composite materials in
tension have linear elastic response, brittle failure, along with poor shear and fire
resistances. This is the reason for their failure at large strain when compared to the
traditional steel that is elasto-plastic material. The FRP composite materials when
bended loses significant amount of their strength (Setunge 2015). Comparing the FRP
composite (unidirectional composites) materials with the steel subjected to “short-term
monotonic” loading, the “typical “stress-strain diagrams are shown in Figure 2.1.

Figure 2.1: Stress-strain diagrams subjected to uniaxial tension for steel and various
unidirectional FRPs: CFRP, GFRP (glass FRP) and AFRP (aramid FRP) (FIB Bulletin
14 2001).
The FRP composite materials have been adapted and widely used in various
fields such aerospace, automotive, marine, electrical, military and sporting industries.
However, it’s different when it comes to the loading conditions and environmental
factors specially affecting the durability and long term performance of the construction
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industry applications (Karbhari et al. 2003). It is all reasoned back to the durability
challenge offered by the nature of the construction industry. The durability is about
whether the environmental factors will be singular or assembly of exposures will be
involved (Lee and Estrada 2009).

2.4 FRP Applications in the Construction Industry
In the construction industry, the FRP composite materials are progressively used
either as strengthening and repairing or replacing infrastructure systems and
components, explicitly steel and concrete. The FRP composite materials applications
in the construction industry include the following:


Used as internal and external reinforcements to the concrete structures



Replacing the steel bars



Used as prestressing tendons

Over the last decade the FRP materials have been used for flexural strengthening of
members of bridges leaning on their high strength ratio and serviceability in harsh
environments. The members of the bridges were strengthened by the externally bonded
FRP laminates. The externally bonded FRP materials are mainly used in the
construction industry in various applications. Firstly, they provide flexural and shear
strength to the concrete structures; mainly beams, slabs and columns. Secondly, these
materials could be used as liner for the structures (Lee et al. 2002). Thirdly, FRP
materials externally bonded to reinforce concrete structures slow the inception of the
steel corrosion by preventing the migration of the chloride and acting as a barrier. In
some cases when the FRP composite materials are externally bonded to steel members,
the fatigue performance is enhanced since they act as cracks connection (Lee and
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Estrada 2009). There are many techniques for applying the FRP composite materials
on the structure such as wrapping “U” shaped around the bottom and the sides of the
beams or around the columns. The externally bonded technique provides increased
strengthened and enhanced “deflection capacity” whilst the second technique of
wrapping the FRP supplies better “shear resistance” (Mauselli 2013).

2.5 Carbon Fiber Reinforced Polymers (CFRP)
The CFRP composite materials have drew the attention of the research recently
regarding the strengthening and retrofitting of the concrete structures. This was trailed
by publishing of the international design codes for strengthening the concrete structure
with the external bonded CFRP strengthened beams. The desirable benefits of the
CFRP materials were the key reasons for their wide spread (Wu and Li 2016). With
more focus on the CFRP as it is the main subject of this study, the first appearance of
the CFRP dates back to 1879 after Edison’s breakthrough of using the carbon fibers in
electric lamps (Mauselli

2013). The righteousness characteristics and the

manufacturing process distinguish the CFRP. The era of the 1960s was the start of the
production of the CFRP fulfilling the needs listed by the aerospace industry due to their
lightweight. CFRP are highly requested in applications where high strength, stiffness,
exceptional fatigue performance and lightweight are required. The CFRP materials are
considered the superlative resolution where elevated temperature resistance is highly
necessitated. Evaluating the CFRP properties at room temperature when compared to
aramid and glass fiber, the CFRP exerts no corrosion stress or “stress rupture failure”
(Taylor and Francias 2007).
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Heating and stretching synthetic fibers are the procedures of the manufacturing
process of the CFRP. Thermosetting followed by carbonization and graphitization
cover the various conditions of the CFRP. The fibers in the context of the thermosetting
is being stretched and warmed to a temperature of about 400 °C, in which the carbon
chains are cross-linked to prevent the CFRP from melting in any forthcoming
procedure. In an attempt to remove the non-carbon impurities in the following
procedure of carbonization, the temperature of heating of the fibers reaches 800 °C in
an environment free of oxygen. The fibers are subjected to stretching to reach
elongation of 50 to 100%, with heating temperature reaching a range from 1100 to 3000
°C for the graphitization phase. Upon stretching, a crystalline alignment along with
high value of Young’s modulus is attained. This value falls in the range between 300
and 600 GPa. The carbonization and graphitization are done to ensure the strength of
the bond at the interface between the CFRP and the epoxy adhesive (Taylor and
Francias 2007). Figure 2.2 shows the tensile and modulus strength of the CFRP when
subjected to elevated temperature.

Figure 2. 2: Effect of temperature on tensile and modulus strength of CFRP ( Lee and
Estrada 2009)
The CFRP materials are generally used in environments where they can sustain
temperatures up to 2000 °C. However, the epoxy-adhesive used to externally bond the
CFRP to the concrete structure face mechanical properties degradation when subjected
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to temperature exceeding the Tg. In accordance, the epoxy adhesive loses the ability to
transfer the load from the concrete structure to the CFRP material. The Tg of the
available commercial epoxy adhesive in the construction industry lies in the range from
50 to 90 °C. Remarkably, such temperatures are easily reached by exposure to direct
sunlight in warm environments (Wang et al. 2011). El Maghraby et al. concluded that
as the temperature of the CFRP strengthened increase to reach 100 °C up to two hours
before applying the load, the failure load will not be significantly influenced ( El
Maghraby et al. 2010).

Among the few concerns faced by the CFRP strengthened beams come the
epoxy adhesive material that is polymer based. The polymer-based adhesive is
extremely successful when there are no distresses regarding the elevated temperature
or fire scenarios. Following exposure to high temperature, the mechanical properties of
the epoxy adhesive suffer substantial degradation. The proper explanation for this could
be due to exceeding the glass transition temperature (Tg) of the epoxy in which the state
of the material is altered from a solid state to liquid state tailed by a substantial lessening
in the mechanical properties (Wu and Li 2016).

It worth mentioning that there are some factors that might limit the applications
of the CFRP. The factors are their electrical conductivity, high susceptibility of
brittleness and their high initial cost (Taylor and Francias

2007). The previous

researches showed that improvement was observed in the performance of the
strengthening concrete members by externally bonded FRP materials especially the
CFRP through enhancing the load carrying capacity. However, the serviceability is
limited since tensile modulus of FRP is comparatively less than its strength (Peng et al.
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2016). Yet it was concluded by Cromwell et al, CFRP laminates possess loftier quality
and performed better than GFRP sheets and fabrics at elevated temperature (Cromwell
et al. 2011; Deng et al. 2015).

2.6 Durability of FRP
As stated in the design guidelines of the conventional strengthening materials,
the steel reinforcement strength theoretically is not affected thru the designed life of the
concrete structure. On the contrary, the strength of the FRP composites unlike the
conventional strengthening materials, steel reinforcement, are not affected by time.
Despite the superiority of the FRP composite materials over the conventional materials
regarding the repairing and strengthening techniques in the construction industry, the
thermo mechanical properties of the FRP composite materials pose a major problem.
The thermomechnical properties of the FRP composite materials decrease with time,
when exposed to harsh environmental conditions, just like the conventional
strengthening materials. There are various factors affecting the amount of reduction in
the thermo mechanical properties of the FRP materials. Those factors are the type of
the fiber and adhesive used, the curing conditions and the severity of exposure to the
environmental conditions (Hollaway 2010).

The long-term performance of a material is referred to as the durability of this
material. Karbahri et al. defined durability as the resistance ability of the concrete to
cracking, chemical degradation or/and any damage over a definite period of time when
kept under the suitable load and environmental conditions (Karbhari et al.

2003).

Nonetheless, in order to attain effective FRP composite materials particularly the
CFRP, the durability of the material should be taken into consideration and well-
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reviewed. According to Deng et al., the short-term performance of the CFRP composite
materials has been well investigated. Whist there is still a lag in the field of the long
term performance due to the absence of the long-term test data, shortage of unified
testing methods, abundance of contradictory evidence leading to difficulty in studying
the various properties and bonding behavior of FRP system over long period of time
(Deng et al. 2015). Karbhari et al. performed a durability gap analysis for the FRP
composite materials in the construction industry highlighting the seven environmental
factors with the uttermost impact on the durability of the FRP materials. The seven
factors are thermal conditions, moisture, fire, ultraviolet, creep, and fatigue, chemical
solutions (alkali) and fire (Karbhari et al. 2003).

For the CFRP composites, the environmental loading is among the most affecting
factors on their durability. Consequently, addressing the conditions of the
environmental exposure is essential to indulging in the durability of the CFRP
strengthened beams. Therefore, the environmental conditions affecting the durability
of the CFRP strengthened beams are discussed below.

2.6.1 Elevated Temperature
As for the FRP composite material, it should be used in a temperature less than
their glass transition temperature (Tg). The glass transition temperature (Tg) is defined
by Hollaway as the temperature below which the physical properties of the polymer
alter to a similar manner of a solid material and above which behaves in a manner
similar to a liquid state (Hollaway 2010). As per the recommendations by Karbhari et
al. the used materials should have Tg with 30 °C higher than the surrounding
temperature. Tg is usually associated with the epoxy adhesive used in the system
(Karbhari et al. 2003).
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Upon the exposure of the FRP composites to elevated temperature, a hurried
viscoelastic reaction is witnessed. This is witnessed due to the softening of the
adhesives that is accompanied by a decrease in the mechanical properties and increase
in the diffusion of moisture. In this manner, the deterioration of the polymer is enhanced
(Karbhari et al. 2003). Mouritz mentioned that when the FRP composites are exposed
to elevated temperature that are above 100 °C, distortion and failure of load carrying
capacity take place due to the softening of the matrix. But if the materials are exposed
to elevated temperature between 250 and 400°C, the blastoff of the FRP composites is
expected since this range is close to the pyrolysis temperature of the matrix (Mouritz
2007).

Gholami et al. found the temperature affects an effective bond between FRP
materials and concrete surface and upon exposure to elevated temperature the load
carrying capacity decreased notably when the temperature approached Tg. (Gholami et
al. 2013). Nguyen et al. found that the amount of strength reduction reached up to 15%
when the temperature approached Tg, up to 50% when temperature reached above Tg
by 10 degrees and 80% when temperature exceeded Tg by 20 °C (Nguyen et al. 2011).

The impact of elevated temperature and Tg on the bond strength and the overall
performance of the strengthening system are still not clear. However, Ahmed and
Kodour based on previous studies demonstrated that when the temperature approaches
the Tg, the bonding epoxy adhesive relaxes. This in response causes substantial
lessening in elastic modulus and tensile strength as shown in Figure 2.3 (Ahmed and
Kodur 2011). Stratford and Bisby clarifies that the strength of the FRP bond depends
on the adhesive in order to transfer the force between the concrete structure and the
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plate surface. This results in shear and normal stress in the adhesive material that
accordingly are condensed toward the end of the strengthening sheet (Stratford and
Bisby 2012).

Figure 2.3: Impact of temperatures higher than Tg on a thermoset matrix (Lee and
Estrada 2009)
The common usage of the CFRP strengthening is the bridges where fire
resistances are not main design concern. But when it comes to building, CFRP
strengthened beams is limited due to the performance concerns at elevated temperature.
As confirmed by Lopez et al., the bond at the interface of the concrete and the FRP is
rigorously damaged at high temperature specifically when the temperature approaches
the Tg of the polymer matrix that typically ranges from 55 to 120 °C. The bond also
deteriorates above the Tg (Lopez et al.

2013). El Maghraby et al. in attempt to

investigate the influence of elevated temperature on the performance of the CFRP
strengthening system concluded that increasing the thickness of the adhesive layer
increase the flexural strength( El Maghraby et al. 2010).

Limited studies carried out by Gamage et al., Klamer et al. and Leones et al.
studied the impact of the temperature on the bond between the CFRP laminate and the
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concrete surface of the externally bonded strengthened systems. It was observed that as
soon as the temperature of the epoxy adhesive reached above 60 to 70 °C, hurried loss
strength of the bond occurred (Gamage et al. 2005; Gamage et al. 2006; Klamer et al.
2004; Leones et al. 2009). This observation is supported by findings out of the fire
resistance tests conducted by Ahmed and Kodur, Palmieri et al., Williams et al., Bisby
et al. on RC beams. The composite action between the CFRP laminates and the
concrete surface is lost when the temperature of the epoxy adhesive touches its Tg
(Ahmed and Kodur 2011; Palmieri et al. 2012; Williams et al. 2005; Bisby et al.
2005). Firmo et al. supported that the bond strength of the CFRP strengthened structures
are severely damaged when the surrounding temperature gets close to Tg that typically
ranges between 55 and 120 °C (Firmo et al. 2014). As demonstrated by Ahmed and
Kodour, generally, the temperature affects the bond performance as the shear modulus
is reduced with the increasing temperature as illustrated in Figure 2.4 (Ahmed and
Kodur 2003).

Figure 2.4: Influence of temperature on the shear modulus of FR strengthened beam
(Ahmed and Kodur 2011).
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Karbhari and Abanilla noted that the period of exposure to the adverse environment is
directly proportional to the degradation impacts on the FRP strengthening systems
(Karbhari and Abanilla 2007). Only little findings out of the studies conducted on the
durability of the externally bonded CFRP strengthening system when subjected to
continuous loading. It was established that for loaded specimens exposed to medium
to high temperature ranging from 40°C to 60 °C, the strength may be completely
reduced to reach the bond failure (Al-far et al. 2007; Helbling et al. 2006;
Kirishnaswamy and Lopez 2006).

The studies conducted on the effect of the temperature on the bond between the
concrete and FRP surfaces are still limited and more research is needed to fully
understand the behavior of the FRP at elevated temperature (Ahmed and Kodour 2011).
At elevated temperature, the behavior of the CFRP strengthened system is still
questionable. The reason behind this would be the polymeric nature of the matrix and
the epoxy adhesive bonding the concrete surface to the FRP laminates (Firmo et al.
2014).

2.6.2 Moisture Effect
The FRP composite materials are known to be resistant for some environmental
factors but not to all of them. Taking the moisture as an example of an environmental
factor that has adverse impact on the FRP systems, when the FRP absorbs the moisture,
plasticization is tempted through hydrolysis. In this manner, the Tg is reduced relaxing
the polymer matrix. The cracking due to stress appears upon exposure of FRP to
moisture and reduces the fiber-matrix adhesion. Hence, the mechanical properties of
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the FRP are affected upon exposure to moisture and reduced strength is observed
leading to adhesive bond failure (Deng et al. 2015).

As soon as Jones and Shen et al. investigated the moisture effect on the FRP
strengthened structures, they found that upon the diffusion of the moisture into the
epoxy matrix the chemical, mechanical and thermo physical properties change. It was
then concluded that the moisture has the ability to diminish the Van der Walls forces
between the chains of the polymer, hence reducing the bond strength (Jones 1999; Shen
et al. 1976). Mikami et al. continued on addressing the importance of entrapping the
moisture at the interface of the concrete substrate and the FRP material. This is reasoned
to that if the moisture passed through the preamble concrete substrate and escaped to
the impermeable FRP material, deboning will occur. Hence, it is essential to let the
moisture out of the concrete structure (Mikami et al.

2015).

Karbhari et al. stated that changes in the mechanical, chemical and thermoplastic
properties of the organic polymers may occur upon moisture transmission into the
polymers. The properties change either due to hydrolysis or plasticization (Karbhari et
al. 2003). This interpretation was supported and further elaborated that it would cause
the loss of the fiber-matrix polymer along with reduction of the mechanical properties
of the CFRP whenever the humidity increased (Zheng et al. 2004).

2.6.3

Combined Moisture and Temperature Effects

Myers et al. shed the light on the combined effect of environmental conditions
of moisture and temperature together on the performance of the bond due to the
differences in the thermal expansion coefficient between the e poxy adhesive and the
CFRP laminates. This in return leads to developing of stresses upon moisture infusion.
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The moisture infusion accordingly would affect the strength of the bond. Furthermore,
they showed that when CFRP strengthened beams are exposed to sets of high
temperature and humidity, a loss of about 60% in the stiffness might be achieved. (Myer
et al. 2001). Kamilton and Dolan explained the loss of the stiffness by mentioning that
the order of magnitude between the thermal expansion of FRP composites and epoxy
adhesive is distinctive. Consequently, the possibility of developing thermal stresses at
the bonding interface whenever there is a huge temperature difference causing
permanent deterioration is always there (Kamilton and Dolan 2000).

Gamage et al. took the previous observations to another level and conducted
tests on FRP strengthened concrete prisms exposed to different sets of temperature and
moisture for 1800 hours. The concrete prisms were exposed to hurried environmental
aspects of recurrent temperature and moisture followed by exposure to loadings of 15
and 35% of their maximum loading. The tests conducted were single-lap shear test and
the failure occurred at the bond line. They concluded that the serviceability of the
externally bonded FRP system is dependable on the degree of the physical and chemical
ageing of the whole system (Gamage et al.

2010).

Further on the impact of the adverse environmental factors, Abbas conducted a
research to investigate the effect of combined moisture and temperature on the bond of
CFRP and the concrete substrate of the externally bonded CFRP laminates. The
parameters of his experiment varied among the temperature sets, humidity, loading
levels and immersing the specimens in saline water over different temperatures and
with exposure to sunlight. He concluded that the main reason behind the degradation
of the bond between the concrete substrate and the CFRP laminate was the degree of
the adverse exposure to the environmental factor (Abbas 2010).
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2.6.4

Fire Resistance and Cementitious Adhesives

Monitoring fire effect on the concrete structures, it is not the ultimate capacity
of the structure that matters, but the fire survival to a certain time in which the structure
can endure fire before collapse. This is covered by the entire design codes (Ahmed and
Kodour 2011). Hashemi and Al-Mahaidi reported that during a fire, the contribution
of the epoxy adhesive of the FRP system to the ultimate strength is insignificant as the
bond will be lost during the first few minutes of the fire. Thus they considered the FRP
strengthened structure as ordinary unstrengthened structure during fire. Adding to that,
the incapability of this retrofitted structure of carrying its designed loads. Accordingly,
they recommended adding cementitious adhesive instead during exposure to elevated
temperature or fire hazards (Hashemi and Al-Mahaidi 2011).

Only limited research supported Hashemi and Al-Mahaidi for using
cemenetitious adhesive for CFRP strengthening systems as bonding material. A
significant 30-50% enhancement in ultimate strength has been reported upon using
modified polymer cement-based adhesive as a bonding material for the CFRP
strengthening systems (Hashemi and Al-Mahaidi 2011; Taljsten et al. 2007; Bournas
et. al.

2007; Bousias et. al. 2007). However, more investigation is still needed due

to the vulnerability of the modified polymer cement adhesive to heat exposure.
Therefore, to ensure the integrity of the main structure with the application of the
cemenetitious adhesive under fire, further studies are needed to evaluate its
performance using this cemenetitious adhesive (Hashemi and Al-Mahaidi 2011).

AbouZeid et al. used conventional mortar to protect CFRR systems. The three
sets in the right hand sides in Figure 2.5 shows some improvement in the flexural load
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through applying a conventional mortar on top of the CFRP at thicknesses of 10 and 20
mm using fresh water. However, this work was performed at 80 °C in which the
conventional mortar showed an ability to protect the beams against this temperature
exposure. Yet, this potential protection needs to be investigated at higher temperatures
beyond 80 °C (AbouZeid et al. 2013)
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Figure 2. 5: Flexural loads for conventional mortar protected CFRP systems at various
temperatures (AbouZeid et al. 2013)

Hashemi and Al-Mahaidi presented the results of their investigation that a CFRP
strengthened beam using epoxy adhesive showed poor behavior compared to using
cement-based adhesive. The epoxy adhesive failed at temperature of 462 °C while the
cement based adhesive failed at temperature of 844 °C. They concluded that beams
strengthened by cement adhesive exhibited better enhancement in the flexural strength
at high temperature compared to beams with epoxy adhesive. In addition to that, unlike
the epoxy adhesive strengthened beam, the strengthened beam using cement adhesive
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failed at a high temperature close to on which an unprotected beam failed (Hashemi
and Al-Mahaidi 2011).

2.6.5

Ultraviolet Radiation

As reported by Karbhari et al. around 6% of the flux of the solar radiant of the
Ultraviolet radiation reaches the surface of the earth with wavelengths that fall in the
range of 290 to 400 nm. The polymers upon exposure to this range of the solar spectrum
is prominently disturbed, as most of the polymers possess bond dissociation energies
within the wavelengths range of 290 to 400 nm. Typically, the exposure of the
Ultraviolet radiation reaches the exceedingly few microns on the top surface but
however its effect reaches deeper than that. The exposure to the ultraviolet radiation
disproportions the mechanical properties of the polymer. This imbalance actually aids
in accumulating the stresses at certain zones and initiate cracks at a stress level less than
that of the unexposed surfaces. The areas of the accumulated stresses then become
more vulnerable to other environmental factors such as moisture, temperature, etc.
(Karbhari et al.

2003).

Gholami et al. showed that according to previous studies the tensile strength and
elastic modulus decreased by 15 to 20% upon exposure to manmade sunlight. This is
due to the brittle nature of the adhesive at the fiber matrix interface (Gholami et al.
2013). On the contrary, another study conducted by Nguyen et al. showed that the
ultraviolet radiation have trivial effect on the tensile strength and concluded that the
adhesive bond is the precarious concern during the exposure of the ultraviolet radiation.
However, it is still not clear if that the altering of the mechanical properties of the
laminates is merely due to the exposure of the ultraviolet radiation or from a
combination ultraviolet, temperature and moisture (Nguyen et al.
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2011).

Applying a protective layer over the FRP composite material is typical way of
shielding the FRP surface from the ultraviolet radiation. But as confirmed by Karbhari
et al. the protective layer does not preclude the deteriorated induced from the ultraviolet
radiation and instead act as a “self-sacrificing” coat to avert the direct deterioration of
the FRP materials. The protective layer, in this manner, by time will be damaged upon
the exposure to the ultraviolet radiation. Moreover, they showed that the latent
expansion ingress of the moisture in the deteriorated zones is the main cause behind the
adverse outcomes of the exposure to the ultraviolet radiation and not the damage of the
ultraviolet solely. They highlighted the studies that stressed on the need to develop
further protective layers resins against the ultraviolet (Karbhari et al.

2003).

Supported by Gholami et al. who emphasized on the need of further investigation of
the effect of the ultraviolet radiation on the FRP materials (Gholami et al. 2013).

2.6.6

Creep

Being subjected to continuous load over a certain period of time, the FRP
composites fail abruptly. This failure is known as the creep rupture. And the endurance
time is the period of time it takes for the material to fail (Setunge 2015). Karbhari et
al. shed the light on the superior performance of the CFRP when compared to the glass
and aramid fibers in terms of creep rupture at lesser levels of stress. The CFRP show
little to almost none induced chemical strength degradation when compared to the glass
and aramid fibers. The dominating factor of the creep rupture of the FRP materials is
the adhesive matrix and not the fiber properties. The increased moisture and exposure
to the elevated temperature enrich the creep predisposition of the FRP materials
(Karbhari et al. 2003). When designing the composite materials, attention is not given
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to the creep properties of the carbon, aramid and glass fibers. This is due to the
insignificancy of those properties on the composite materials (Hollaway 2010).

2.6.7

Fatigue

Karbhari et al. defined the fatigue behavior as the physical behavior that causes
the material to fail further to the application of loading cycles. This type of failure is
independent of the severity of the loading cycles applied but rather affected by the
loading conditions themselves. The loading conditions extend to include thermal
factors, chemical factors, and mechanical factors. The variations in temperature are a
good example of the thermal factors causing the fatigue. Setunge showed some of the
results of studies conducted on the FRP materials with conditions of elevated
temperature and moisture. It was observed that those environmental factors degraded
their behavior of the fatigue (Setunge 2015). Gholami et al. stated the CFRP plates
have been observed to improve the “fatigue life” of the beams subjected to dynamic
loads.

Supported by Setunge who emphsasized that CFRP among the all FRP

composite materials is the slightest prone to fatigue failure, possessing 60 to 70%
survival chance of the ultimate strength of the CFRP. Setunge elaborated the fatigue
life of the CFRP is not normally affected by the temperature and moisture whenever
the adhesive-CFRP interface is not severely damaged by the environmental factors
(Setunge 2015).

Noticing the behavior of beams strengthened by CFRP plates, it was verified that
the beams further to exposure of conditions of fatigue and overloading, exhibited
reduction in the residual deflection (Gholami et al. 2013). Dawood et al. supported
this finding by witnessing increase of 20% in the ability the CFRP strengthened beams
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to withstand loading conditions (Dawood et al. 2007). Moreover, Wu et al. recorded
“3.3 to 5.26” times increase in the fatigue life of the CFRP strengthened beams
compared to “1.7 times” of the beams strengthened with steel plates (Wu et al. 2012).
On the other hand, Gholami et al. reported a reduction of about 7% of the adhesive
strength due to the loading cycles during the curing of the adhesive. They concluded
the significant effect of the loading conditions on the adhesive bond (Gholami et al.
2013). Reviewing the available data regarding the process and mechanism behind the
fatigue failure for the FRP composite materials, this field lacks definite literature and
needs a substantial amount of research (Karbhari et al.

2.6.8

2003).

Exposure to Chemicals

Deng demonstrated that the chemical solutions affect the adhesive rather than the
fibers. As the chemical solutions behave like the water and have its same effect on the
adhesive. The chemicals, in the solutions, aid in quickening the damage of the adhesive
of the strengthening system. Sen et al. tested CFRP strengthened beams for tension and
torsion further to exposure to seawater for seventeen months, followed by six months
exposed to the outdoor environment. It was reported that the bond strength lost 0.55 %
after seawater exposure and 0.45% of the bond strength after outdoor exposure (Sen et
al. 1999). This is coupled with the findings from the study conducted by Toutanji and
Gomez. They tested concrete beams strengthened by CFRP and Glass FRP, in fourpoint flexure, exposed to immersion in saltwater for four hours and then followed by
two hours exposed to 35 °C and 90% relative humidity for 75 days. The flexural
strength was reported to decrease within the range of 5 to 30% (Toutanji and Gomez,
1997). Therefore, the strength of the CFRP strengthened structure decrease with the
increased exposure to the chemical solutions.
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2.7 FRP Bond Adhesive Criticality
One of the most effective applications of the CFRP plates are externally bonding
them to the concrete beams to enhance its flexural strength through delaying the
moment of the cracking and alleviating the expansion of the cracks (ACI 2002, FIB
2001; Kotyina et al. 2008). Mikami et al. mentioned that the efficiency of the bond
between the concrete surface and FRP plate is integral to the performance of the FRP
strengthened systems. As concluded by El Maghtaby et al. , the durability of the FRP
strengthening system is influenced by thickness of the adhesive as well (El Maghraby
et al. 2010). The external bonding of the FRP composite materials notably enhances the
load carrying capacity of the concrete structures. Associated with the enhancement of
the load carrying capacity is the durability of the FRP composite materials, particularly
the durability of bond between the concrete substrate and the FRP. Although the longterm performance of this bond is still undetermined and not fully tackled, certainly it
affects the failure of the strengthened structure. This due to that the failure in the stress
transition zone would out wipes the strength of the FRP composite materials (Mikami
et al. 2015)

Mikami et al. mentioned that for an efficient bond, they suggested ensuring a
proper binding interface between the concrete substrate and the FRP materials, the
surface must be well prepared filling any voids, uneven areas before applying the epoxy
adhesive. They also recommended using adaptable layer of adhesive to ensure high
bond strength (Mikami et al. 2015). El Maghraby et al. concluded that to ensure the
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efficiency of the CFRP strengthening system, roughening of the concrete surface is
fundamental. The results of the roughened surfaces are superior compared to the
smooth surfaces results (El Maghraby et al. 2010).

2.8 FRP Failure Modes
Lee and Estrada discussed the various failure modes for the FRP composite
materials such the end of plate failure, “anchorage failure” and interface debonding. In
addition to the brittle failure that could occur as a result of debonding of the externally
bonded FRP materials for flexural strengthening (Lee and Estrada 2009). Hong
mentioned that the most critical failure mode of the CFRP strengthened concrete beams
is the debonding of the bottom sheet from the concrete surface. This results in limiting
the ratio of the strain, at failure, to its ultimate strength in the FRP hence limiting the
strength application ratio of the laminate (Hong 2014). This type of failure occurs at
the interface of the adhesive epoxy and the concrete substrate where the condensation
of the stresses takes place. When the debonding of the FRP fails, the strength
application ratio reaches only 15 to 35% varying according to the triggers of the
debonding (Choi et al. 2012). Typically when the normal stresses and the interfacial
shear exceed the strength of the concrete, the debonding occurs. As the debonding takes
place, the composite action between CFRP laminate and the concrete surface are lost
(Kotyina et al.

2008).

Followed by a study conducted by Choi et al., an evaluation was presented on
the effects of the environmental factors on the durability of the interfacial bond between
the CFRP laminates and the concrete. The various possible bonding failures were
presented: flexural, adhesive, interfacial and delamination failures. The flexural failure
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alternatively known as cohesive shear appears in the concrete when a crack propagates
vertically while the CFRP is still in place in and enclosed to the concrete. The adhesive
failure describes the failure that occurs at the CFRP-concrete interface as shown in
Figure 2.6. The delamination failure occurs between the CFRP laminates, while the
composites are still enclosed to the concrete. Choie et al. concluded that interfacial
bonding degradation possess the highest influence on the strength of the bond between
the FRP and the concrete (Choi et al. 2012).

Figure 2. 6: Adhesive Failure of FRP strengthened beam (Ahmed and Kodur 2011)

Choi et al. supported by Au and Buyukozturk and Wan et al. added that
exposure to environmental conditions particularly hygrothermal caused interfacial,
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adhesive and flexural failures (Au and Buyukozturk 2006; Wan et al. 2006). Figure
2.7 shows the typical deboning failure behaviors of the FRP strengthened beams.

There are several studies conducted by Myers that the bond integrity might
change as a function of the environmental factors due to the presence of three different
materials; the polymer, the substrate and the composite. The stresses will develop as
soon as the permanent deterioration increases (Myers 2007).

Figure 2.7: Typical debonding failures of FRP strengthened beams (Buyukozturk et al.
2003)

2.9 Evaluation Methods of the Durability of the CFRP
Barnes and Fidell conducted test on reinforced concrete RC beams strengthened
by 100 mm wide CFRP plates and other beams that were protected with a layer of 15
to 20 mm fire protection cementitious materials. The beams were exposed to one hour
of fire loading. The bond at the interface of the unprotected beams and the CFRP
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approached temperature of 580 °C and the adhesive coat were completely deteriorated
followed by the damage of the CFRP laminates due to the loss of the epoxy
components. On the other side, the protected beams with the cementitious material at
the interface of CFRP plate and concrete substrate reached 140 °C exceeding the Tg of
the epoxy adhesive. The epoxy adhesive was not damaged but the protected beams
failed at a similar load to that of the unprotected beams. It was concluded that the
protected beams fail at higher load than that of the unprotected beams (Barnes and
Fidell 2006).
Another Study conducted by Weber and Kachlakev consisted of beams
strengthened with CFRP sheets for flexural strength. The temperature of the samples
heated reached 150 °C followed by three point bending test. Since the temperature
exceeded the Tg of the CFRP, the strengthened system experienced reduced strength
and strain due to the relaxation of the CFRP- concrete interface (Weber and Kachlakev
2007).

Petkova et al. described the damage resulted from testing RC beams strengthened
by CRFP laminates being exposed to elevated temperature. They discussed that a partial
separation between the concrete substrate and the CFRP laminate took place upon the
appearance of the crack. As the load increased, the deflection enlarged unexpectedly
upon sustaining the maximum load before failure. Flexural and vertical cracks were
witnessed. Flexural cracks appeared for the beam sustaining loads of range 12 and 18
kN within temperature range of 50 to 100 °C, respectively. Initial delamination
followed at average load of 17 kN leading to a relaxation of the CFRP strengthened
beams and was observed as soon as flexural cracks appeared. The maximum capacity
attained was 21.5 and 22 kN, respectively. And as for the temperature of 150 °C and
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above within 7 and 10 kN, vertical cracks spread longitudinally with increasing in their
width when the load reached 18 kN. Also, delamination at the interface between the
concrete substrate and the epoxy adhesive was witnessed. As for temperatures above
200 °C with maximum load carrying capacity of 20.7 kN, vertical cracks still appeared
with delamination as well in the adhesive epoxy near the end of the CFRP with
increasing the length of the crack with increasing the temperature touching ranges of
250 to 300 °C (Petkova et al.

2014).

Burke et al. in attempt to inspect the FRP strength system bond performance,
carried four point bending test on externally bonded FRP strengthened beams exposed
to different loading and temperature conditions. They were able to demonstrate the
ability of beams carrying load of 20 kN for more than four hours, then followed by the
failure of those beams at load of 30.1 kN. This load denotes strength of about 90% of
the corresponding beam experienced at 100 °C. The amount of damage to the
performance of the bond observed is diminutive at 100 °C, a value higher than Tg by
40°C. They shed the light on the FRP strengthening system capabilities in sustaining
temperatures close to 100° C for more than four hours when supported by protection
system of adequate thickness around 50 mm (Burke et al.

2012).

2.10 Literature Gap
Despite of the significant benefits of the FRP composite materials and their various
strengthening systems applications in the construction industry, their ampler
employment is delayed. This is reasoned back to the lack of durability evidence in the
literature . Karbhari et al. were able to advance an approach to identify the acute gaps
in the durability literature of the performance of the externally bonded strengthening
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FRP materials exposed to harsh environmental factors. It is either the data are scattered,
lacks proper documentation or not easily accessible. Furthermore, the available
information is inconsistent confusing the practitioners of the construction industry.
They identified seven environmental as being of utmost importance to the durability of
the FRP composite material. The seven factors are: thermal conditions, moisture, creep,
fatigue, fire, ultraviolet and alkali conditions (Karbhari et al.

2003). The needs are

highlighted to further develop and research the durability of the FRP composite
materials through classifying the right surroundings for durability testing, durability
discoveries of externally bonded FRP strengthening materials, forecasting
serviceability of the use of FRP (Tatar et al.

2015).

After reviewing the literature review, there is an apparent gap in the field of the
durability of the CFRP strengthened concrete structures. It requires further investigation
to rectify the deficiencies in its various aspects. The performance of the bond of the
externally bonded CFRP laminates is a complex one due to the various interactions
between the temperature, load, stress and time. It is claimed that the FRP strengthened
systems can be effective during fire scenarios. However, additional investigation and
study are needed to fully digest the impact of the resin when subjected to elevated
temperature on the performance of the bond. As understood from the above, the elevated
temperature not only decreases the stiffness and the strength but also affects the
deformability of the adhesive in the bond.

It stipulated from the above that adhesive bond is critical to the integrity of the
performance of the FRP strengthening system. Among the factors affecting the
performance bond are the moisture, elevated temperature, ultraviolet, fire, creep, and
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fatigue. The impacts of those factors are studied but only their short-term performance
while there are only limited literature regarding their long-term performance. Teng et
al. along with Smith and Teng conducted several studies on forecasting the failure of
the adhesive bond between the concrete substrate and the FRP materials. Yet, the
studies about bond time-dependent performance are still limited (Teng et al. 2003;
Smith and Teng 2002). Therefore, extensive investigation is required to investigate
further the performance of the CFRP strengthened beams exposed to elevated
temperatures for various durations and the efficiency of the cementitious protection
layer to protect the CFRP strengthening system from influence of elevated temperature.
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Chapter 3: Experimental Work
3.1 Introduction
Durability, in other words, long-term performance of the FRP materials is
nevertheless questionable. As discussed in the previous chapter, the elevated
temperature alters the mechanical properties of the FRP materials. In the literature
reference is made to the ability of advance cementitious fire protection mortar to endure
high temperature and fire. Nevertheless, the influence of the elevated temperature on
the long-term performance of the CFRP strengthened beams is not well addressed in
the literature due to missing real-life time data. In this chapter, the experimental work
carried out to evaluate the durability of the CFRP strengthened concrete beams is
described. This chapter covers the preparation of the concrete specimens, the
procedures of application of the CFRP laminates and the flexural test used to measure
the strength of CFRP strengthened beams after exposure to elevated temperature.

This investigation consists of seventy-two beams grouped into three categories.
The three categories are subjected to same temperatures, time intervals along with
various layering coats. The first group (G1) consists of twenty-four unreinforced
unprotected concrete beams. The second group (G2) consists of twenty-four beams with
CFRP externally bonded onto them. The third group (G3) consists of twenty-four
beams with fire-protected beams overlaying the CFRP laminates on the concrete beams.
The main purpose of this study is to investigate the behavior of the CFRP strengthened
concrete beams after exposure to elevated temperature.
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3.2 Materials Selection
This section lists down the selection of the used materials in this investigation
and the logic behind this selection. Referring to the ability of the CFRP composite
materials to sustain elevated temperature and to provide flexural strength to the concrete
structures, the externally bonded CFRP plates were used in investigation. Sika
Coroporation Egypt is the supplier of the CFRP materials along with their epoxy
adhesive. The selected materials form Sika in this investigation are as follow
Sikacarbodur plates S512, Sikadur 30LP, Sikacrete 213F.

3.2.1 SikaCarbodur Plates
The sikacarbodur plates are know as pultruded carbon fiber laminates used for
structural strengthening and come as part of a Sika Carbodur system. The commercial
name of the plates is Sikacarbodur S512. They are non-corrosive, with high strength,
fatigue resistance and they have smooth edges since they are produced by pultrusion.
The pultruded CFRP laminates are used for strengthening concrete, steel, masonry, and
timber and FRP structures. The laminates are usually externally bonded on to the
structure. The laminates are bonded using “epoxy resin based adhesive”. There are two
types of epoxy adhesive: Sikadur 30 for normal temperature and Sikadue 30LP for high
temperature. Sikadue 30LP is the one used in this test. Its approved by ACI 440.2R-08.
The Sikacarbodur plates are used to enhance the load carrying capacity of the structure.
In addition to, enhancing the durability and serviceability through decreasing deflection
and crack width, enhancing the fatigue resistance, and its ability to resist influence of
explosions. They come in rolls of total
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length 250 m in packing boxes as illustrated in Figure 3.1.They were cut to fit the
purpose of this study into 0.6 m strips. The technical properties of CFRP laminates
used are listed in table 3.1.

Table 3. 1: CFRP laminates properties (Sika Carbodur Product Data Sheet 2015)

Item

Value

Density

1.6 g/cm3

Glass Transition Temperature (Tg)

> 100° C

Fiber Volume Content

> 68%

Tensile E-Modulus

165,000 MPa

Thickness

1.2 mm

Cross Sectional Area

60 mm2

Figure 3. 1: SikaCarbadour laminates packaging in roll

3.2.2 Epoxy Adhesive
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The epoxy adhesive used to bond the SikaCarbodur plates is Sikadur 30 LP. It
is a thixotropic consisting of two parts; part A and part B in pallets of 6 kg as shown in
the below Figure 3.2. Part A is the main component of the epoxy adhesive and comes
in the form of white paste. Part B a dark grey paste is the second component. The result
mixture of combining part A and B together is a light gray paste with density of 1.65
kg/liters. This material is complying with international standards (EN 1504-4). It is
best used at elevated temperatures falling in the range of +25 to+55°C. This material
enjoys a non-sagging nature with high abrasion and mechanical resistance. In addition
to, it is impermeable to water vapor and liquids. It provides extremely virtuous
adhesion to the concrete and CFRP laminates. Table 3.2 lists the technical data of the
material according to FIP.

Table 3. 2: Epoxy adhesive properties (Sikadur 30- epoxy adhesive Product Data
Sheet 2015)

Item

Value

Density

1.65 kg/liter at 23°C

Glass Transition Temperature (Tg)

> 45° C for curing conditions of 7 days

Change of Volume

Shrinkage of 0.04%

Tensile E-Modulus

10,000 MPa at 23°C

Applied Layer Thickness

30 mm
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Figure 3.2: Epoxy Adhesive Sikadur 30LP Components A (left) and B (right)

3.2.3 Fire protected beams (Sikacrete-213F)
The Sikacrete 312F is a wet sprayed fire protection mortar system introduced
by Sika to provide protection to the concrete structures against fire exposures. The main
component of the cementitious fire protection layer, Sikacrete 213F, is the
phyllosillicate aggregates along with vermiculite as a filler material. The
phyoscillicates aggregates are exceedingly effectual in resisting the temperature of the
hydrocarbon fires. The vermiculite, a constituent of the insulation layer, expands when
exposed to elevated temperatures between 700 and 1000 °C. The expansion reaches
about twenty times of its original size due to the evaporation of the bound water and
thus loses its heat insulation properties.

This cement-based dry mix fire protection mortar, aggregates with greyish
powder, possesses low density of 1.71 kg/liters. With its lightweight, it is applied by
the wet-sprayed method. Among the advantages of this system is that during the fire, it
does not contribute to the creation of toxic smoke and fumes. The main component of
Sikacrete-213F is phyllosillicate aggregates that are responsible for defying the
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warmness of hydrocarbon fires. The required fire resistance determines the thickness
of the fire protection layer to be used. For the purpose of this investigation, it was
applied in thickness of 20 mm. This system is approved by VSH and ISO 834 fire curve
( Sikacrete 213F Product Data Sheet 2014).

3.2.4 Cement
Ordinary Portland cement type I (ASTM C150) was used. It is produced by
Suez Cement Company complying with international standards (EN 197/1-2011) and
Egyptian standards (ES 5756/1-2013).

3.2.5 Fine Aggregates
The used sand in this investigation is obtained from a local quarry near Suez.

3.2.6 Coarse Aggregates
The coarse aggregates used in this study are surface-dry crushed dolomite
stones from a local quarry near Suez. The maximum nominal size (MNS) < 40 mm.

3.2.7 Water
Clean drinkable water is used for the mixing process and for any cleaning
purposes during the pouring process.

3.2.8 Water Reducer and Retarding Admixtures
The used admixture was a Type D in ASTM C 494, aiming for higher
compressive strength by lowering the water-cement ratio. Plastizier type D was
obtained from Sika as shown in Figure 3.3, with the commercial name Sika Plastiment.
It is a brown liquid with specific gravity 1.18. This was used to enhance the concrete
workability.
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Figure 3.3: Sika Plastiment Plastizier type D

3.3 Materials Preparation
This section covers the process of preparing the used materials. And the
preparation of the specimens underwent two main phases: preparing the concrete beams
and applying CFRP laminates.

3.3.1 Mix Design of the Concrete Beams
Normal strength concrete mix with compressive strength not less than 30 MPa
after 28 days and water-cement ratio of 0.45 is used in this study. Table 3.3 lists the
proportion of the constituents of the concrete mix.

Table 3. 3: Concrete mix design of the concrete specimens
Ordinary Portland Cement Type I

400 kg

Water

180 kg

Plasticizer Type D

2 Liters

Fine Aggregates

600 kg

Coarse Aggregates

1150 kg
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Seventy-two beams of dimensions 75 cm x 15 cm x15 cm were prepared in the
laboratory of the American University in Cairo (AUC). The CFRP laminate is to cover
0.6 cm only of the total length of the beam as illustrated in Figure 3.4.
60 cm

15 cm

75 cm
Figure 3. 4: Schematic Diagram of the externally bonded CFRP on the concrete beam

Firstly, the concrete specimens were prepared then followed by applying on top of
them the CFRP laminates and the fire protected beams. The following steps were
followed for preparing the concrete beams:
1. Mixing
2. Casting
3. Curing

The mixing procedure took place according to ASTM C192-07. The cement,
fine and coarse aggregates were added into the mixture, then after mixing the dry
ingredients for one minute, the required amount of water and plasticizer are added as
illustrated in Figure 3.5. This procedure is followed by pouring the concrete mix out of
the mixer onto the molds placed on the vibrators.
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Figure 3.5: Concrete mixing using the concrete mixer

The seventy-two beams were casted in the molds resting on the vibrator as
shown in Figure 3.6. A hand towel is used to fill the molds and to ensure that the
concrete surface is well consolidated. Upon ensuring the concrete surface is finished
and the molds are well vibrated, the beams are removed from the molds after twentyfour hours.

Figure 3. 6: Casting the concrete mix into the molds loaded onto the vibrator
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The manual curing method is used here where the concrete specimens, after
being removed from the molds, were left in the curing room in the AUC laboratory for
28 days. Afterwards the beams are taken to dry in the air for few hours before being
subjected to the elevated temperature in the furnace as shown in Figure 3.7.

Figure 3. 7: Drying the concrete specimens after curing

3.3.2 CFRP Preparation
The roll of the CFRP was cut into the desired lengths of 0.6 m as illustrated in
Figure 3.8. Each laminate were cleaned using Thinners from both sides. Any laminates
that were bended or not completely straightened were not used.

Figure 3. 8: Cutting the CFRP roll into the desired length

51

As mentioned earlier in the literature, the surface preparation is one of the utmost
substantial factors that affect the bond strength between the concrete substrate and the
CFRP laminates. The concrete surface was prepared by removing contaminates and a
laitance surface was attained by mechanical blasting as illustrated in Figure 3.9.
Trailing the well preparation of the concrete surface and prior to applying the CFRP
laminates, the location of the CFRP laminates were marked on the concrete beams by
a marker as illustrated in Figure 3.10

Figure 3. 9: Mechanical blasting for the concrete surface preparation
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Figure 3. 10: Specifying the location of the CFRP laminate on the beam

3.3.3 Epoxy System Preparation
Sikadur 30LP components A and B are mixed together according to the
recommended mixing ratio of 3:1 by weight. The components A and B were mixed
together for at least three minutes using a mixing spindle enclosed to an electric drill.
The resulted mixture should be smooth and consistent uniform light grey paste. The
thickness of the applied layer was 3 mm following the recommendation in the data sheet
of the product. The epoxy adhesive was applied in layer form of 3mm on each CFRP
laminate as illustrated in Figure 3.11.

Subsequently, the CFRP laminates were

externally bonded on the concrete beams covering 0.6 m of the total length of the beam.
The CFRP externally bonded strengthened beams were allowed to dry in the air for 10
days to ensure sound effective system as shown in Figure 3.12.
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Figure 3.11: Epoxy adhesive after applying mixture of components A and B on CFRP
laminate

Figure 3.12: CFRP externally bonded CFRP beams drying in the air for 48 hours

3.3.4 Sikacrete 213-F preparation
The Sikacrete 213F comes in the form grey powder with aggregates. It was
prepared by adding 26 liters of municipal water to the 24 kg bags used. Afterwards it
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was wet sprayed over the CFRP strengthened beams following the roughening the
surface of the strengthening system by sand. The Sikacrete 213 F layers were applied
as thin layers of 20 mm thickness, after the application of the CFRP laminates by fortyeight hours. The specimens were left in their place for forty-eight hours to dry.
Afterwards, ensuring the effectiveness of the specimens and the bond between the fire
protected beams and the strengthening system, the specimens were allowed to dry
completely for additional ten days prior to being taken to the furnace, as illustrated in
Figure 3.13.

Figure 3.13: Fire protection layer applied on CFRP strengthened beams

3.4 Experimental Variables
This section provides the designated variables in this investigation. Table 3.4
below lists the main variables, which the unstrengthened unprotected concrete beams,
will act as the control group. The other two sets of the CFRP strengthened protected
and unprotected beams will be compared to the control group. Each reading in this
study is based on average of two replicas readings.
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Table 3. 4: Three Sets Used in the study
Set
Number

Number of
Beams

Set 1

24

Set 2

24

Set 3

24

Set Materials
Unreinforced
Concrete
CFRP laminates
(Sika Caebdour
S512)
CFRP laminates
(Sika Caebdour
S512)

Adhesive Material

Thermal Protection

None

None

Epoxy Adhesive
(Sikadur 30LP)

None

Epoxy Adhesive
(Sikadur 30LP)

Fire Protection Sikacrete
-213F

3.4.1 Temperature
The seventy-two beams will be tested against three various temperature values.
The first temperature value is 70 ° C. The second temperature value is 120° C. The third
temperature value is 180 ° C.

The replicas of two beams will be subjected to a certain temperature for certain
duration of exposure. There are four durations of exposure ; one hour, two hours, four
hours and eight hours.

3.4.2 Layer Coats
The coating layers varied for the seventy-two beams, grouped into 3 sets, used
in this investigation. Three sets each of twenty-four beams and one set of four beams.
The first set included the unreinforced unprotected concrete beams. The second set
included the layer of the CFRP laminates. The third set included the fire protected
beams layer on top of the CFRP laminates externally bonded.
.
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3.5 Experimental Set up
The experimental program took place in the laboratory of the American
university in Cairo (AUC). The program consists mainly of the flexural testing using
the three-point loading flexure test according to ASTM C293, after exposing the
concrete specimens to elevated temperatures in the furnace. ELE machine is used for
the purpose of the testing as shown in Figure 3.14. A furnace with heating capacity up
to 1000 ° C is used as shown in Figure 3.15 where the specimens will be heated.

Figure 3. 14: “ELE “ three-point loading flexural machine
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Figure 3. 15: Furnace used for heating the concrete specimens

3.5.1 Testing Procedure
Upon curing of the concrete specimens in the curing room, the specimens are
collected to dry for few hours in the air. This is followed by allocating the seventy-two
beams into three groups each according to the type of the required layer: unreinforced
unprotected concrete, CFRP externally bonded; CFRP externally bonded and fire
protected beams and mortar.

The unreinforced unprotected concrete group that consists of twenty-four
beams will go to the furnace each two beams at a time for the different temperatures
and durations as illustrated in Figure 3.16. Moving to the second group of the CFRP
externally bonded on the concrete beams where each would be subjected to the same
set of temperature and durations as illustrated in Figure 3.17. The last group consisting
of twenty-four beams with fire protected beams Sikacrete 213-F over the CFRP
laminates will be exposed to the same set of temperatures and durations as illustrated
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in the Figure 3.18. A dial gauge is used to measure the deflection for two control groups
as illustrated in the Figure 3.19. The four sets are tested after being subjected to different
temperatures on the three point loading machine.

Unstrengthened
Unprotected

70 °C

120 °C

180 °C

1 hour

1 hour

1 hour

2 hours

2 hours

2 hours

4 hours

4 hours

4 hours

8 hours

8 hours

8 hours

Figure 3.16: The testing set of the unreinforced unprotected beams
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CFRP
Unprotected
70 °C
1 hour

120 °C

180 °C

1 hour

1 hour

2 hours 2 hours 2 hours
4 hours 4 hours 4 hours
8 hours 8 hours 8 hours
Figure 3.17: The testing set of the CFRP strengthened beams

CFRP Protected
70 °C

120 °C

180 °C

1 hour

1 hour

1 hour

2 hours

2 hours

2 hours

4 hours

4 hours

4 hours

8 hours

8 hours

8 hours

Figure 3.18: The testing set of the fire protected CFRP strengthened beam
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Figure 3. 19: Dial gauge to measure deflection

After the testing the concrete specimens at the designated temperature for each control
group, the furnace is turned off and the specimens are allowed to cool outside the
furnace in the laboratory for one hour to be easily handled later. The concrete specimens
are then taken each on the three-point loading machine. The flexural strength of the
concrete specimens was tested according to ASTM C 293/C78 using ELE machine as
illustrated in Figure 3.20 below.
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Figure 3. 20: Sample beam before flexural test (right) and after flexural failure (left)

The readings of the flexural strength of each group are collected followed by calculation
of the stresses (See Appendix) .The deflection for two control groups were calculated
and tabulated.

62

Chapter 4: Results and Analysis
In this chapter, the results and the key findings of the flexural tests conducted
for the seventy-two beams are presented. The key findings of the influence of the
elevated temperature over different durations on the response of the ustrengthened
unprotected, CFRP strengthened protected and unprotected beams are presented.

4.1 Flexural Strength Test
The main aim of this work is to investigate the response of the CFRP
strengthened unprotected beams to the elevated temperatures. As mentioned in the
previous chapter of the experimental work, the flexural strength of the beams is tested
upon exposure to various elevated temperatures for different durations.

The failure load for each testing set was recorded and the results for the
unstrengthened unprotected, CFRP strengthened unprotected and CFRP strengthened
unprotected beams at different temperatures and durations are plotted. Figure 4.1 shows
unstrengthened unprotected beams exposed to 70, 120 and 180 °C for one, two four and
eight hours, respectively. The unstrengthened unprotected beams after one hour
exposure exhibited a noticeable decrease in the failure load at 120 °C, for the two
replicas, more than when subjected to 70 and 180 °C. Unlikely, the unstrengthened
unprotected beams after exposure for two hours to the three different temperatures
followed a gradual decrease in the failure load with increasing the temperature.
Coincidently, the failure loads for the unstrengthened unprotected beams after four and
eight hours followed the same pattern of a minor decrease in the failure loads with
increasing the temperature. There is little decrease introduced to the unstrengthened
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unprotected beams when exposed to 70 ° C for one hour and when exposed to 180 ° C
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Figure 4.1: Relation between flexural strength and temperature for the unstrengthened
unprotected beams

The relation between the CFRP strengthened unprotected beams and different
temperatures at different durations is illustrated in Figure 4.2. On the contrary to the
expected, the flexural strength at 70 °C after exposure of one hour recorded lower
values than that of 120 and 180°C. However, the three durations of two, four and eight
hours followed a pattern of decrease in the flexural strength with increasing the
temperature. The failure load values recorded after eight hours of exposure to 120 and
180 °C are the lowest compared to the failure load values recorded after one hour
exposure to 180 °C. With the exception to the failure load at 70 °C after exposure of
one hour is less than the failure load recorded after exposure for eight hours.
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When comparing the performance of the CFRP strengthened unprotected beams
to that of the CFRP strengthened protected beams, similar pattern can be identified with
some differences in the flexural strength values favoring the CFRP strengthened
protected beams mainly for exposure to 70 °C. The CFRP strengthened protected beams
exhibited higher failure load values than that of the CFRP strengthened unprotected
beams at 70 °C s shown in Figure 4.3.
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Figure 4.2: Relation between flexural strength and temperature for the CFRP
strengthened unprotected beams

The CFRP strengthened protected beams upon exposure to one hour unveiled the
highest failure load value for the three different temperatures 70, 120 and 180 °C
compared to the unstrengthened unprotected and the CFRP strengthened unprotected
beams. At 120 °C, the CFRP strengthened protected beams yielded higher failure loads
after four and eight hours of exposure. At 180 °C, the CFRP strengthened protected
recorded higher failure load value than the CFRP strengthened unprotected only after
two hours of exposure. The CFRP strengthened protected beams unveiled the higher
values of flexural strength for the four different durations of exposure to 70 °C.
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Figure 4.3: Relation between flexural strength and temperature for the CFRP
strengthened protected beams

4.2 Temperature Variation
The flexural testing results were further analyzed by observing the failure loads
at which each system failed for each temperature and duration being exposed to. The
unstrengthened unprotected concrete system results are examined for the three
temperatures of 70, 120 and 180 °C. Figure 4.4 shows the failure load values of the
three tested systems at 70 °C. It is unveiled that the failure load increases all the way
with adding CFRP reinforcement and cementitious fire protection. For each duration
of exposure to 70 °C, the highest failure load values are attained by the CFRP
strengthened protected beams and the lowest failure loads values are attained by the
unstrengthened unprotected beams. The higher failure loads attained by the CFRP
strengthened unprotected and protected beams may be due to the behavior of the epoxy
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adhesive after exceeding its Tg. When the epoxy adhesive is exposed for temperature
higher than Tg, it becomes more deformable. This in fact might have increased the
strength of the bond as the stiffness of the adhesive itself may be have decreased.
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Figure 4. 4: Flexural strength for the three tested systems at 70 °C

The high failure load values recorded at 70 °C for the CFRP strengthened
protected beams continued to prevail at 120°C with some exceptions. Figure 4.5 shows
the failure load values for the three tested system at 120 °C. The highest failure load
values were attained by the CFRP strengthened protected beams only exposed to 120
°C for two and four hours. The lowest failure load values were attained by the
unstrengthened unprotected beams exposed to 120 °C for different durations. The
CFRP strengthened protected beams yielded lower failure load values than the CFRP
strengthened unprotected beams when exposed to 120 °C for eight hours. At 120 °C,
although the Tg of the adhesive will be exceeded by a higher value, but still the stiffness
of the bond will be subject to decrease and hence increase its deformability. This in
return may have increases the failure loads for the CFRP strengthened protected and
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protected beams. But when the exposure to the elevated temperature at 120 °C exceeded
the two hours, the bond may have started to lose it strength quicker.
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Figure 4. 5: Flexural strength for the three tested systems at 120 °C

The high failure loads for the CFRP strengthened protected beams recorded at
70 and 120 °C did not prevail for the temperature of 180 °C. Figure 4.6 shows the
flexural failure load values of the three tested systems at 180 °C.

The CFRP

strengthened protected beams at 180 °C only after exposure for two hours recorded the
highest failure load. The failure loads of the CFRP strengthened unprotected beams
surpassed the failure loads of the protected ones at 180 °C after exposure for one and
four hours. At 180 °C, the Tg of the epoxy adhesive have been highly exceeded,
although there were some improvements in the flexural strength at exposure of one and
two hours. When the exposure exceeded the two hours, there was a significant drop in
the flexural strength of the CFRP unprotected beams. The reason might not be the only
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the Tg of epoxy adhesive but also the ability of the cementitious mortar to stick to the
concrete beam and CFRP at such exposure at 180 °C.
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Figure 4. 6: Flexural strength for the three tested systems at 180 °C

4.3 Duration Variation
Then moving to observing the influence of applying the cemetitious protection
layer on the performance of the CFRP strengthened and unstrengthened at various
temperatures and exposures. Further detailed analysis will follow below to investigate
the effect of exposure duration on the mechanical properties of each system.

4.3.1 Duration Variation at 70 °C
The results of the flexural test conducted at 70 °C for the unstrengthened
unprotected beams, CFRP strengthened protected beams and CFRP strengthened
unprotected beams are plotted. Figure 4.7 shows the failure load results for one hour
exposure to 70 °C. The unstrengthened unprotected, CFRP strengthened protected and
unprotected beams failed after one hour exposure to 70 °C at values of 16.8, 18.4 and
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25.4 kN, respectively. Figure 4.8 reveals the failure loads for the beams exposed to 70
°C for two hours. After two hours of exposure to 70 °C the unstrengthened unprotected,
CFRP strengthened unprotected and CFRP strengthened protected beams exhibited the
highest failure loads of 19.3, 42.3 and 47.9 kN, respectively. Figure 4.9 shows the
failure loads for the beams exposed to 70 °C for four hours. The unstrengthened
unprotected, CFRP strengthened and CFRP strengthened unprotected beams failed
after exposure for four hours at values 15.7, 355 and 40.7 kN, respectively. Figure 4.10
shows the failure loads after exposure to 70 °C for eight hours. The unstrengthened
unprotected, CFRP strengthened and CFRP strengthened unprotected beams failed
after exposure to 70°C for eight hours were 15.7, 38.9 and 42.5 kN, respectively.
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Figure 4. 7: Failure loads for the unstrengthened unprotected, CFRP strengthened
protected and unprotected beams at 70 °C for duration of one hour
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Figure 4. 8: Failure loads for the unstrengthened unprotected, CFRP strengthened
protected and unprotected beams at 70 °C for duration of two hours
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Figure 4. 9: Failure loads for the unstrengthened unprotected, CFRP strengthened
protected and unprotected beams at 70 °C for duration of four hours
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Figure 4. 10: Failure loads for the unstrengthened unprotected, CFRP strengthened
protected and unprotected beams at 70 °C for duration of eight hours

4.3.2 Duration Variation at 120°C
Heating the concrete specimens at 120 °C showed that the behavior of the CFRP
strengthened beams either unprotected or protected beams is better than the
unstrengthened unprotected concrete beams when heated for one hour. Figure 4.11
shows the failure loads after exposure to 120 °C for one hour. The unstrengthened
unprotected, CFRP strengthened protected and CFRP strengthened unprotected failed
after exposure to 120 °C for one hour at 5.9, 42.3 and 40.7 kN, respectively. With
increasing the duration of exposure to the temperature 120 °C, there was decrease in
the recorded failure value for each used system. The unstrengthened unprotected beams
yielded significantly low failure load at 120 °C after one hour of exposure. This value
is extremely low and there could be several reasons behind this low value such as error
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encountered by the machine. While the CFRP strengthened unprotected and protected
yielded the higher flexural strengths after one hour exposure compared to the rest of
duration of exposure.

As for the beams subjected to 120 °C for two hours, the failure loads are
relatively high. Figure 4.12 shows the failure loads after exposure to 120 °C for two
hours. The CFRP strengthened protected beams seem to have a gradual decrease in the
flexural strength with increasing the duration of exposure. Figure 4.12 shows the failure
loads after exposure to 120 °C for four hours. The failure loads of CFRP strengthened
unprotected beam exposed for eight hours, as illustrated in Figure 4.14, recorded higher
values than the CFRP strengthened unprotected exposed for four hours. The failure
loads of the CFRP strengthened protected beams at two hours recorded 39.7 kN, then
reached 26.2 kN at four hours of exposure and 23.0 kN at eight hours. The CFRP
strengthened unprotected beams did not seem to follow the same gradual decrease with
increasing the temperature recorded by the CFRP strengthened protected beams. The
CFRP strengthened unprotected beams recorded 31.6 kN after two hours, 19.48 kN
after four hours and 39.7 kN after eight hours. This might be due to experimental and
statistical variation. Unlikely, the flexural strength of the CFRP strengthened
unprotected beams after eight hours of exposure was higher than the CFRP
strengthened unprotected beams after four hours of exposure. The unstrengthened
unprotected beam followed the same decrease in the flexural strength and recording
lower failure loads with increasing the exposure to temperature after excluding the 1hour result. The beam failure loads read 16.4, 14.1 and 14.5 kN for two hours, four
hours and eight hours, respectively.
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Figure 4. 11: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 120 °C for duration of one hour
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Figure 4. 12: Failure loads for unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 120 °C for duration of two hours
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Figure 4. 13: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 120 °C for duration of four hours
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Figure 4. 14: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 120 °C for duration of eight hours
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4.3.3 Duration Variation at 180°C
With the highest temperature in the group, the mechanical properties of the
CFRP materials were expected to alter. The patterns that could be extracted from the
specimens exposed to 180 °C for the three different layers varied and do not follow the
same strength reduction ratio attained at 70 or 120 °C. The CFRP strengthened
unprotected exhibited a clear reduction in the flexural strength in proportion with the
increase in the exposure to temperature. Figure 4.15 shows the failure loads after
exposure to 180 °C for one hour. The unstrengthened unprotected after one hour
exposure recorded a failure load 16.1 kN. The CFRP strengthened protected and
unprotected recorded the highest failure loads after one-hour exposure at values of the
27.9 and 25.3 kN, respectively. Figure 4.16 illustrated the failure loads after exposure
to 180 °C for two hours. A reduction in the flexural strength is observed after two hours
exposure to 180 °C for the unstrengthened unprotected and CFRP strengthened
unprotected beams. Unlikely, the flexural strength of the CFRP strengthened
unprotected beams after two hours exposure was higher than the one exposed for one
hour. Figure 4.17 shows the failure loads after exposure to 180 °C for four hours. The
flexural strength of the CFRP strengthened protected and unprotected exhibited a
gradual decrease with increasing the exposure to four hours. The decrease of the
flexural strength with increasing the exposure to temperature was represented through
the decreasing values of the failure loads that the CFRP strengthened unprotected
beams recorded. The CFRP strengthened protected beam after exposure to two hours
recorded 27 kN then recorded 12.8 kN after exposure for four hours. Figure 4.18 shows
the failure load value after exposure 180 °C for eight hours. The flexural strength after
exposure to 180 °C for eight hours exhibited further decrease as the duration of
exposure increased. The flexural strength of the CFRP strengthened protected and
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unprotected exhibited a noticeable decease with increasing the duration of exposure.
The unstrengthened unprotected concrete followed the same pattern for the CFRP
strengthened unprotected beams.

30.0

Failure Load ( kN)

25.0
20.0

1 hour

15.0
10.0
5.0
0.0
Unstrengthened
Unprotected

CFRP
Strengthened
Layer

CFRP Protected

Figure 4. 15: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 180 °C for duration of one hour
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Figure 4. 16: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 180 °C for duration of two hours
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Figure 4. 17: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 180 °C for duration of four hours
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Figure 4. 18: Failure loads for the unstrengthened unprotected, CFRP strengthened
unprotected and protected beams at 180 °C for duration of eight hours
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Using the CFRP strengthened protected beams yields the highest flexural
strength at 70 °C after exposure of one, two, four and eight hours. The CFRP
strengthened protected beams surpass the CFRP strengthened unprotected beams at
120°C after exposure to only two, four and eight hours. As for the 180 °C, the CFRP
strengthened unprotected and the CFRP strengthened protected beams exhibited almost
similar flexural strengths with the CFRP strengthened protected attaining the highest
load only after two hours of exposure. As the duration of the exposure to the
temperature increases, further decrease in the flexural strength is attained.

4.4 Flexural Strength Enhancement Ratio
Altering the top layer top protecting coating onto the concrete surface with
exposure to the same sets of temperature and duration yielded various flexural strength
values. This section provides the carried investigation on the ratio of flexural strength
increase attained by the fire-protected beams compared to the other remaining sets.

4.4.1 Flexural Strength Ratio at 70 °C
Capturing the flexural strength increase ratio among the three different
temperatures, a ratio was calculated to identify the value of improvement attain by each
system when increasing the temperature. The flexural strength increase ratio was
calculated for each system. The flexural strength enhancement ratio between the
unstrengthened unprotected and CFRP strengthened unprotected beams was calculated
as per the following formula (

Failure load of unstrengthened unprotected
Failure load of CFRP unprotected

). Whilst the

flexural strength enhancement ratio between the unstrengthened unprotected and CFRP
strengthened

protected

beams

was
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calculated

as

per

this

formula

(

Failure loadof unstrengthened unprotected
Failure load of CFRP protected

). The flexural strength enhancement ratio

between the CFRP strengthened unprotected and protected beams are calculated as per
this formula (

Failure load of CFRP unprotected
Failure load of CFRP Protected

). When the ratio is less than 1, this indicates

the enhancement in the flexural strength. When the ratio exceeds 1, this indication
flexural strength degradation.

Observing the flexural strength provided by the CFRP system further to
exposure to 70 °C, the four duration exhibited ratios less than 1. Figure 4.19 shows the
flexural strength enhancement ratio between unstrengthened unprotected concrete
system and CFRP for 70 °C. At one hour exposure to 70 °C, the ratio is 0.9 indicated
restoring the lost flexural strength upon exposure to elevated temperature by around
10%. The moving to the two hours exposure, the ratio is 0.5 indicated that the CFRP
strengthened beams restored almost 50% of the lost flexural strength due to exposure
to elevated temperature. The four hours exposure yielded ratio of 0.4 indicated that the
CFRP strengthened beams restored about 60% of the lost strength. The last point of
eight hours exposure exhibited a ratio of 0.4 as well. This confirms that at temperatures
up to 70°C the performance of the CFRP strengthened beams outweigh the performance
of the unstrengthened unprotected concrete beams for different durations including one,
two, four and eight hours.
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Figure 4. 19: Flexural strength enhancement ratio between unstrengthened
unprotected and CFRP strengthened unprotected for 70 °C

When comparing the unstrengthened unprotected concrete specimens and the
CFRP strengthened protected ones, improvement in the flexural strength is observed as
illustrated in Figure 4.20. The results came to show that for one-hour of exposure to 70
°C, the increase of flexural strength was recorded as ratio of 0.7 with restoration of
about 30%. This increase in flexural strength for the duration of two hours almost
reached three times higher than that of the hour duration with ratio of 0.4. The rate of
increase in the flexural strength continued in its increase but with smaller increments
for the four and eight hours at ratios of 0.38 and 0.37, respectively. This is to conclude
that the CFRP strengthened protected beams exhibited higher flexural strength for
different durations at 70 °C.
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Figure 4. 20: Flexural strength enhancement ratio between unstrengthened
unprotected concrete and CFRP strengthened protected beams for 70 °C

Evaluating the enhancement in the flexural strength attained by the CFRP
strengthened protected compared to the CFRP strengthened unprotected ones, the fire
protected yielded higher flexural strengths. Figure 4.21 shows the flexural strength
enhancement ratio between CFRP strengthened unprotected and protected beams for
70 °C. The ratio of strength between the CFRP strengthened unprotected and the CFRP
strengthened protected beams did not reach 1 indicating that the protected beams
surpassed the performance of the unprotected beams for the four different durations.
The flexural strength enhancement ratio recorded value of 0.8 at one-hour duration and
0.9 for two, four and eight hours, respectively. The CFRP strengthened protected beams
restored 20% for one hour exposure and approximately 10% for each of the two, four
and eight hours of exposure. The endurance of the CFRP strengthened protected beams
to temperature is higher for the different durations at 70 °C.
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Figure 4. 21: Flexural strength enhancement ratio between CFRP strengthened
unprotected and CFRP strengthened protected beams for 70 °C

4.4.2 Flexural Strength Ratio at 120 °C
Analyzing the flexural strength for the three used systems at 120 °C for different
durations, the increase in strength between the unstrengthened unprotected and CFRP
strengthened unprotected beams did not reached 1 as shown in Figure 4.22. This is an
indication of the enhancement provided by the CFRP unprotected system. The CFRP
strengthened unprotected beams continued to outweigh the flexural strength of the
unstrengthened unprotected concrete beams, the enhancement ratio recorded 0.1 almost
reached 90% of the lost flexural strength, due to the elevated temperature exposure,
was restored. The ratio increased to reach 0.5 for the two hours exposure-indicating
restoring of 50% of the lost flexural strength. The ratio increased for the longer
exposure of four and eight hours recording 0.7 and 0.9, respectively. It is still an
indication of restoring the lost flexural strength but at lower rate of restoration. It is
obvious that the strength of the CFRP strengthened beams decrease gradually with
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increasing temperature. This is to conclude that the CFRP strengthened beams

Flexural strength enhancement ratio

unprotected beams ability to restore the lost flexural strength at 120 °C.
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Figure 4. 22: Flexural strength enhancement ratio between unstrengthened
unprotected concrete and CFRP strengthened unprotected beams for 120 °C

Analyzing the strength of the CFRP strengthened protected beams in
comparison with the unstrengthened unprotected concrete system at 120 °C, the
increase of the flexural strength for the protected beams exceeding the unstrengthened
unprotected concrete system is unveiled as in Figure 4.23. After one-hour of exposure,
the CFRP strengthened protected beams exceeded the flexural strength of the
unstrengthened unprotected concrete specimens by ratio of 0.1 with approximately 85%
restoration of the lost flexural strength. The same increase continued to follow for the
two hours exposure for the increase of the flexural strength to reach a ratio of 0.4.
Although the increase for the flexural strength sustained over to the four and eight hours
duration, the enhancement of the lost flexural strength was below the 50%, as the
recorded ratios were 0.5 and 0.6 for the four and eight hours, respectively.
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Figure 4. 23: Flexural strength enhancement ratio between unstrengthened
unprotected and CFRP strengthened protected beams for 120 °C

Unlike the correlation between the CFRP strengthened unprotected and
protected beams at 70 °C, the two systems unveiled distinctive flexural strength
findings at 120 °C as illustrated in Figure 4.24. For the one hour duration at temperature
120 °C, the CFRP strengthened protected showed a poorer performance compared to
the CFRP strengthened unprotected beams with a ratio of flexural strength
enhancement exceeding 1. This indicated that the protected beams at one-hour duration
failed at a load less than that load at which the CFRP unprotected beams failed.
However, this occurred only at the one hour duration and the CFRP strengthened
protected continued to surpass the performance of the CFRP strengthened unprotected
beams for the three remaining durations of two, four and eight hours. The protected
beams possessed higher strength than that of the CFRP unprotected by recording ratios
of 0.8, 0.7 and 0.7 for the two, four and eight hours duration, respectively.
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Figure 4. 24: Flexural strength enhancement ratio between CFRP strengthened
unprotected and CFRP strengthened protected beams for 120 °C

4.4.3 Flexural Strength Ratio at 180 °C
The results of the flexural tests for the temperature of 180°C came unexpected.
Theoretically, the CFRP strengthened unprotected and protected beams will perform
better at higher temperature and provide higher flexural strengths. However, the results
from comparing the enhancement of the flexural strengths among the unstrengthened
unprotected concrete specimens and the CFRP strengthened beam as illustrated in
below Figure 4.25 came contradicting to the theory. Only for the one-hour exposure,
the CFRP strengthened unprotected beams unveiled higher flexural strength
enhancement by ratio 0.6 approximately 30% of lost flexural strength enhancement.
This ratio is followed by a slight increase to reach 0.9 for the two hours exposure. The
ratio increase till exceeding 1 at four hours exposure and recording 1.1 indicating a
failure of the CFRP strengthened unprtected beams to restore the lost flexural strength
due to exposure to 180 °C. The ratio increased to reach 1.4 at the eight hours exposure.
This is an indication of the CFRP strengthened unprotected beams failing to restore the
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lost flexural strength of the beams over the unreinforced unprotected concrete beams
for the four and eight hours durations.

The unstrengthened unprotected concrete beams will yield higher flexural
strength than the CFRP strengthened unprotected beams only after four and eight hours
exposure. If the exposure to 180 °C is for less than two hours, then the CFRP
strengthened beams will significantly enhance the flexural strength.
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Figure 4. 25: Flexural strength enhancement ratio between unstrengthened
unprotected concrete and CFRP strengthened unprotected beams for 180 °C

Moving to monitoring the flexural performance of the CFRP strengthened
protected beams and relating it to the unstrengthened unprotected concrete, the same
pattern as the CFRP cannot be exhibited except as for the last two duration of four and
eight hours as shown in below Figure 4.26. The one-hour exposure showed an increase
in the flexural strength restored by the CFRP strengthened protected beams over the
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unstrengthened unprotected concrete system. The ratio recorded for the one-hour
exposure was 0.6 indicating an enhancement by about 46%. Unlikely, the ratio for the
exposure of two hours decreased to record a value 0.5 indicating restoring the lost
flexural strength by value up to 54%. This is followed by a decrease in the flexural
strength restored by the CFRP strengthened protected beams over the unstrengthened
unprotected concrete system, as the ratio recorded at exposure of four hours was 1.1.
The ratio higher than 1 indicated the failure of the system to restore the lost flexural
strength due to exposure to elevated temperature. The percentage followed the decrease
to reach -30% for the eight hours duration. The ratio continued increasing to reach 1.3
at the exposure to eight hours.

The CFRP strengthened protected beams exhibited a pattern of flexural strength
decrease with increasing the exposure to temperature of 180 °C. The exposure for one
hour came as an exception to the decrease trend of the CFRP strengthened protected
beams. It is nevertheless unusual that the flexural strength of the CFRP strengthened
protected beams at the two hours duration is higher than that of the one-hour duration.
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Figure 4. 26: Flexural strength enhancement ratio between unstrengthened
unprotected concrete and protected CFRP strengthened beams for 180 °C

Monitoring the behavior of the CFRP strengthened unprotected in relation to
the CFRP strengthened protected beams; the results are shown in Figure 4.27. The
protected beams failed to restored the lost flexural strength by the CFRP strengthened
unprotected beams due to exposure to 180 °C for one hour, as the recorded ratio
between the two system is 1.1. On the other hand, the protected beams were able to
restore the lost flexural strength by 50% with a recorded ratio of 0.5 after two hours of
exposure. The ratio recorded at the exposure to four hours reached 1 indicating the
failure of the CFRP strengthened protected beams to restore the lost flexural strength
but by significant low percentage. However, this was followed by a decrease in the
recorded ratio at the eight hours exposure to reach 0.9. This is to indicate the restoration
of the lost flexural strength of the-protected beams by around 10%. Generally, the
protected beams were able to restore the lost flexural strength due to exposure to 180
°C for two and eight hours. With the exception of the specimens exposed for one and
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four hours that failed to restore the lost flexural strength by the CFRP strengthened
unprotected beams.
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Figure 4. 27: Flexural strength enhancement ratio between CFRP and fire protected
beams for 180 °C

4.5 Failure Modes
By visual inspection, several failure modes were observed for the unreinforced
unprotected concrete system, CFRP strengthened beams and the fire protected beams.

4.5.1 Unstrengthened Unprotected Beams Failure
The unstrengthened unprotected concrete specimens exhibited the normal
flexural failure where the crack initiated at the tension side of the beam and then
propagated longitudinally through the beam as illustrated in Figures 4.28. The
unreinforced unprotected beam yielded roughly the same flexural crack for different
temperatures and durations.

90

Figure 4. 28: Flexural failure of unstrengthened unprotected concrete specimens
subjected to 70 °C (left) and 120 °C (right)

4.5.2 CFRP Strengthened Unprotected Beams Failure
The

twenty-four

CFRP

strengthened

unprotected

beams

exhibited

approximately the same flexural failure with the crack being initiated near the bottom
end of the plate and propagating longitudinally through the beam. The behavior of the
CFRP laminates varies between the separation from the concrete surface and peeling
off at the flexural failure interface. The performance of the CFRP strengthening
unprotected system was observed for different temperatures and various durations.
However, various beams acted differently when transferring the load to the CFRP
laminate which in fact affected the outcome result for the laminates. A flexural crack
was initiated near the CFRP laminate and propagated longitudinally as shown in Figure
4.29. This led to peeling off the laminate at the interface of the concrete substrate and
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CFRP laminate. However, the CFRP laminate stayed attached to the concrete only from
one end as shown in Figure 4.30.

Figure 4. 29: Flexural failure of the CFRP strengthened unprotected beam (right) and
the peeling of the CFRP laminate (right)

Figure 4. 30: Picture showing top view of the flexural failure of the CFRP
strengthened unprotected beam
The same failure behavior followed for the CFRP strengthened unprotected
beams regardless of the temperature and duration. However, the beams exposed 180
°C for eight hours exhibited the separation of the CFRP laminate from the concrete
surface in a different way. An extremely thin layer of the concrete surface was removed
along with the separated CFRP laminate and then followed a partial separation of the
laminate from only one side as illustrated in below Figure 4.31. The color of the epoxy
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adhesive on the separated part of the CFRP laminate is darker than the epoxy adhesive
on the other still attached end of the CFRP laminate. This may indicate the burning of
the epoxy adhesive and losing its mechanical properties. Figures 4.32 and 4.33 unveiled
that CFRP was partially unattached from one end to the concrete substrate. Figure 4.34
shows the partial separation of the CFRP laminate from the concrete surface prior to
the flexural test after being subjected to elevated temperature of 180 °C for eight hours.
The color of the bonding epoxy adhesive at the separated end of the CFRP is darker
than the attached end. This indicates the burning of the epoxy adhesive further to
exposure of eight hours to 180 °C.

Figure 4. 31: Flexural crack failure for the CFRP strengthened unprotected beam
subjected to 120 °C for 8 hours
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Figure 4. 32: The separation of the CFRP laminate from the CFRP from one end
when subjected to 120 °C for 8 hours

Figure 4. 33: Layer of the concrete surface was separated with the CFRP laminate
when subjected to 120 °C for 8 hours
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Figure 4. 34: The CFRP laminate was partially separated from the concrete surface
directly after being subjected to 180 °C for 8 hours prior to the flexural testing

Figure 4. 35: The color of the epoxy adhesive bonding CFRP laminate is darker at one
end than the other indicating the burning after being exposed 180 °C for 8 hours
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4.5.3 Fire Protected CFRP Strengthened Concrete Beams Failure
By observing the flexural failure of the CFRP strengthened protected beams as
illustrated in Figure 4.36, it is worth mentioning that deterioration and separation of the
fire protection layer itself followed the flexural failure instantly. The complete
deterioration and separation of the cementitious fire-protecting layer were roughly
exhibited for most of the beams irrespective of the temperature and duration of
exposure. Figure 4.37 shows that the cementitious fire protection layer is completely
deteriorated and partially peeled off from the concrete surface and the CFRP laminate
for the specimens exposed to 70 and 120 °C for four hours after the flexural failure took
place. Yet for the beams exposed to 120 °C for 8 hours, the fire protection layer broke
into pieces and was separated from the concrete surface; while keeping the CFRP
laminate and small layer of the concrete surface attached to it, as shown in Figure 4.38.
This was followed as well by a separation of the CFRP laminate from one end indicating
the loss of the epoxy adhesive bond strength and decreasing in a value less than that of
the concrete.

Another explanation could be that the normal and interfacial shear stresses close
to the end of the laminate surpassed the strength of the weakest component; Concrete.
The CFRP laminate is separated from the concrete surface and adhered together with
the cementitious fire protection layer. The layer has some residual of the epoxy and
small layer of the concrete is on the CFRP laminate. The cementitious fire protection
layer was deteriorated, the parts after the supports of the beam completely fell off the
beam. As for the beams exposed 180 °C for eight hours, cracks on the cementitious fire
protecting layer were observed directly after taking the specimens out of the furnace
prior to any flexural test. Figure 4.39 shows the cracks on the specimens and the weak
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adherence of the layer to the concrete beams. The cementitious fire protection layer
was completely separated from the concrete surface and utterly deteriorated as shown
in Figure 4.40

Figure 4. 36: Deterioration of the cementitious fire protection layer
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Figure 4. 37: Deterioration of the cementitious fire protection layer during and after
the flexural test heated at 70 and 120 °C for 4 hours

Figure 4. 38: Separation of the cementitious fire protection layer and the CFRP
laminate from the beam after being exposed 120 °C for 8 hours
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Figure 4. 39: Cracks on the cementitious fire protecting layer heated to 180 °C for 8
hours prior to the flexural test.

There was no change in the volume or the size of the fire protection layer as
result of exposure to the various temperatures for various durations.

Figure 4. 40: Complete deterioration and separation of the cementitious fire protection
layer and partial separation of the CFRP laminate after being exposed to 180 °C for 8
hours
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4.6 Deflection Variation
The impact of the CFRP strengthened unprotected and protected beams on the
load deformation performance after the exposure to 120 and 180 °C is studied. The
central deflection of two CFRP strengthened unprotected and two CFRP strengthened
protected beams each of them was exposed to 120 and 180 °C for eight hours was
investigated.

As for the beams exposed to 120 °C for eight hours, the central deflection results
for the CFRP strengthened unprotected and protected were compared to each other.
Figure 4.41 shows the central deflection measured for the CFRP strengthened
unprotected and protected beams after exposure to 120 °C for eight hours. After eight
hours of exposure to 120 °C, the CFRP strengthened protected beams deflected more
than the unprotected beams. The unprotected beam failed at 13 kN with 1 mm
deflection while protected beam failed at 24 kN with 11.1 mm. Same behavior of the
CFRP unprotected and protected exposed to 120 °C was exhibited for the beams
exposed to 180 C was exhibited. Figure 4.42 shows the measurements of the central
deflection of the second two beams exposed to 120 °C for eight hours. The second two
beams mimicked the first two beams after exposure to 120 °C for eight hours in terms
of that the CFRP protected deflected more than the unprotected. The second beam
beams however recorded lower central deflection values. The CFRP protected failed at
23 kN with 6.7 mm deflection while the CFRP unprotected failed at 18 kN with 1.3
mm defection.
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Figure 4. 41: Central Deflection Curve for the CFRP unprotected and protected beams
at 120 °C after 8 hours exposure

As or the eight hours exposure to 180 °C, two CFRP unprotected and two CFRP
protected beams were examined. Figure 4.43 shows the central deflection measured
for the CFRP strengthened unprotected and protected beams after eight hours exposure
to 180 °C. After eight hours exposure to 180 °C, the CFRP protected beams prevailed
to yield higher values than the CFRP unprotected as occurred for the beams exposed to
120 °C for eight hours. The first two beams exposed to 180 °C for eight hours failed at
13 kN and deflected at value of 4.4 mm for the protected beam while unprotected beam
failed at 11 kN and deflected at value of 1 mm This indicated that the protected beams
increased the deflection of the CFRP strengthened unprotected beams by 23%. As for
the second two beams exposed for eight hours to 180 °C, the deflection values of the
protected beams prevailed to be higher than the unprotected beams. Figure 4.44 shows
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the central deflection curves for the beams exposed to 180 °C for eight hours. The
unprotected beams failed at value of 9 kN with 1mm deflection. While he protected
beams failed at 11 kN with deflection of 2.7 mm. The CFRP protected beams generally
tend to deflect more than the unprotected CFRP beams.
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Figure 4. 42: Central Deflection Curve for the CFRP unprotected and protected beams
at 120 °C after eight hours of exposure
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Figure 4. 43: Central Deflection Curve for the CFRP unprotected and protected beams
at 180 °C after 8 hours of exposure
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Figure 4. 44: Central Deflection Curve for the CFRP unprotected and protected beams
at 180 °C after 8 hours of exposure
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Chapter 5: Simplified Cost Analysis
In this section, a simplified cost analysis is conducted to evaluate the
feasibility of the used strengthening systems. The analysis is discussed in light of the
following:

5.1 Material Availability
The CFRP composites are supplied by Sika Egypt for Construction Chemicals.
The CFRP laminates are imported while the epoxy adhesive system is a locally
manufactured. The Sikacrete 213F, the cementitious mortar fire protection mortar is
imported from Switzerland. However, it would normally take around ninety days to
be available. The CFRP composites possess superior properties when compared to the
conventional material steel. Both are similar in terms of availability for the
construction projects.

5.2 Material Geometry
The CFRP materials are available in more than one form that fit to various
geometries and various functions. The CFRP materials are available in the form of
CFRP rods for external and internal reinforcement. In addition, CFRP strengthened
beams are also available as prestressed rods and cables. The CFRP laminates are
available in rolls of length of 250 m. The cementitious mortar fire protection comes in
the form of grey powder with aggregates packed in 12 kg bags. Around 13 liters of
fresh municipal water is required to prepare bag of the cementitious protecting layer.
The cementitious mortar material is either wet sprayed or poured over the concrete
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structure. When comparing the steel bars to the CFRP laminates to the steel bars, the
steel bars have higher density of 7.8 gm/cm3 and higher thermal expansion (Mauseli
2013). This assists in favoring the CFRP laminates over the steel bars for the ability of
the CFRP laminates to fit for various geometries and shapes. The CFRP laminates
take less space in storing and through handling in the construction process.

5.3 Transportation
The transportation costs of the CFRP play an important role in the feasibility
of the CFRP strengthening systems. In the construction process, the transportation
expenditure of the materials represent considerable sum of the total construction costs.
For instance, the projects executed on the suburbs of the city, the transportation
spending can be a critical factor in executing the whole project. With the material
ability to fit into any shape and size along with their lightweight, the transportation
costs are significantly reduced. The numbers of the road trips are decreased. For both
the CFRP laminates and the cementitious protection layer, they can be packed in the
same truck. The transportation of the conventional materials such as the steel bars is a
tedious process when compared to transporting the CFRP laminates. This is due to the
light weight of the CFRP laminates.

5.4 Skilled Labors
It requires skilled labor and special equipment but all are simple and do not
require additional costs. The criticality of the bond at the interface of the CFRP and
the concrete substrate poses additional care during the process of applying the
materials on the concrete beams. The proper preparation of the concrete surface is a
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must to ensure that the surface is free of any contaminates and ensuring to have latent
free surface. The applicators of the materials should be aware of the different steps of
applying the material. It starts from the mechanical blasting to the concrete
specimens. Then followed by the spindle attached to electric drill to mix the epoxy
adhesive and the cleaning of the CFRP laminates by Thinners. The cementitious
protection layer is either wet sprayed or poured the intact CFRP laminates.
Predamping and roughening of the concrete surface are required to ensure the proper
binding of the material to the CFRP and the concrete.

As for the fire protected beams, the criticality of the process lie in applying the
proper layer thickness of the cementitious mortar to well cover adhere to the CFRP
externally bonded on the beam. The increase of the thickness of the layer may
increase the layer protection. Then moving to the conventional materials, the
strengthening process would not required skilled labor as the labors are used to its
installation process. In addition to, the process of installing the steel bars is quite
straightforward unlike the process of applying the CFRP laminates and mixing the
epoxy adhesive.

5.5 Cost Analysis
A simplified cost analysis was conducted by calculating the cost of the CFRP
strengthened beams and the cost of the fire protected CFRP strengthened beams. The
summary of the cost of each system is presented in table 5.1. This was followed by
identifying the ability of each system to restore the lost flexural strength upon
exposure to elevated temperatures of 70, 120 and 180 °C. The percentage of restored
flexural strength was then compared with the percentage variation of each system.
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The results of the comparisons between both systems in terms of strength and price
are presented in table 5.2. On average the CFRP strengthened unprotected beams
provided higher flexural strength than the unstrengthened unprotected concrete beams
by 44.7% upon exposure to 70 °C for the four different durations. The cost of the
CFRP strengthened beams recorded 90% higher than the cost of the unstrengthened
unprotected concrete beams. The CFRP strengthened beams continued to provide
higher restoration of the flexural strength by 42.2% of the strength of the
unstrengthened unprotected concrete beams after exposure to 120 °C for the various
durations. On the contrary, the CFRP laminates failed on average to restore the
flexural strength lost due to exposure to 180 °C for various durations, it only restored
0.01% of the flexural strength of the bare beams. It is worth mentioning that the
CFRP strengthened beams upon exposure to 180 °C for one and hours restored on
average 43.4% of the flexural strength of the unreinforced unprotected concrete
beams.

Evaluating the ability of the fire protection to endure the effect of the elevated
temperatures for the various durations is represented by the percentage restored of the
flexural strength lost upon exposure to elevated temperatures. The fire protected
beams restored 15.2% of the lost strength by the CFRP strengthened beams when
exposed to 70 °C on average for the four durations. The ability of the fire protected
beams to restore the lost flexural strength when exposed to 120 °C increased to be
18.5%. When the fire protected beams were exposed to 180 °C, they only restored
11.1% of the lost flexural strength by the CFRP strengthened beams. The costs of the
fire-protected beams are higher than the CFRP strengthened beams by 16%. The cost
of the conventional strengthening materials such as the steel when compared to the
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CFRP strengthening system is lower. The amount of strength enhancement provided
by the steel bars. The amount of steel bars needed to provide the flexural strength
attained by the CFRP laminates would increase significantly. This increase in the used
steel bars would outweigh the cost savings achieved by using the steel bars (Mauseli
2013). Hence, the CFRP composites when assessed in terms of providing flexural
strength for a concrete member are cost effective when compared to the steel bars;
although the cost per unit for the CFRP campsites are higher than the cost per unit for
the steel bars.

Table 5. 1: CFRP and Fire protected beams Cost Comparison

Item

CFRP
Unprotected

CFRP
Protected

Concrete Mix/m3

LE 1,320.00

LE 1,320.00

CFRP Laminates/m3

LE 10,440.00

LE 10, 440.00

Epoxy Adhesive/m3

LE 1,440.00

LE 1,440.00

Sikacrete 213F/m3

LE 0.00

LE 2, 600.00

Total Costs

LE 13,200.00

LE15, 800.00
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Table 5. 2: Comparison between Performance of CFRP protected and unprotected
beams
CFRP unprotected
Temperature restored flexural
strength

Increase in
Price

CFRP protected
restored flexural
strength

Increase
in Price

70 °C

40%

90%

20%

16%

120 °C

40%

90%

20%

16%

180 °C

0.01%

90%

11%

16%
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Chapter 6: Conclusions and Recommendations
This chapter provides the drawn conclusions along with different sets of
recommendations for both future work and for the construction industry:

6.1 Conclusions
Based on the materials incorporated, procedures followed and other parameters
associated with this study and taken into consideration work limitations as well as
experimental and statistical variations, the following conclusions can be stated:
1. The use of CFRP in external strengthening of beams introduces pronounced
increase in the flexural strength of concrete beams. This is a well-established
finding since more than two decades.
2. Exposure to elevated temperature up to 180 °C introduces little/no significant
decrease in the flexural strength of unstrengthened; unprotected beams.
3. Exposure to elevated temperature at various degrees (70, 120 and 180 °C)
introduces a significant drop in the flexural strength for the CFRP strengthened
beams. This drop, in general, is proportional to the both the increase in
temperature as well as the increase in the duration of exposure.
4. Using the cementitious coating provided a protection against elevated
temperature for the 70 and 120 °C but does not seem to provide a real protection
for 180 °C exposure.
5. The CFRP strengthened protected beams after exposure to 70 °C were able to
restore approximately 20% of the lost flexural strength of the unprotected beams
6. The CFRP strengthened protected beams after exposure to 120 °C failed for one
hour exposure to restore the lost flexural strength of the unprotected beams but
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were able to restore around 20% for three different exposure of the unprotected
beams
7. The CFRP strengthened protected beams at 180 °C failed to provide the
required restoration of the lost flexural strength.
8. Exposure to elevated temperature causes the cementitious protective material to
inflate and produce air bubbles; thus suggesting air to act as a barrier providing
the protection. However, this needs to be studied on its own through
microscopic investigation.
9. Visual examination as well test results both suggest that an interaction occurs
between the cementitious material and the CFRP at elevated temperature. Such
interaction seems to introduce some damage thereby reducing the flexural
strength.
10. In both protected and unprotected CFRP strengthened beams, failure seems to
occur mainly due to separation in the interface between the epoxy adhesive and
CFRP laminate or through removal of parts of concrete cover. In other words,
the CFRP laminates themselves were almost intact in all cases.
11. The CFRP strengthened protected beams exhibited higher deflection at failure
compared to the unprotected beams, thereby suggesting higher beam toughness
at fracture. However, further works needed to be carried out to validate this
finding
12. Looking at the results herein as well as previous work conducted at AUC and
elsewhere, cementitious materials provide a good protection up to mild
temperature rise (less than 100 °C). The extent of protection of the cementitious
materials is questionable for higher temperatures unless higher layer thicknesses
are investigated.
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13. The simplified cost study that was conducted herein reveals that cementitious
protection are truly feasible and represent a value-added benefit to CFRP
exposed to mild temperature increase.

6.2 Recommendations for Future Work
As this study is by no means comprehensive, the following future work and
investigations are highly recommended.

1. Expanding this study to cover other concrete elements with a wider array of
protective materials at various thicknesses. Such wide-scale studies need to
implement higher elevated temperatures at extended durations.
2.

Investigating the effect of cyclic heat stresses and the impact of both gradual
and abrupt cooling.

3. Tackling CFRP durability due to combined effects such as elevated temperature
and aggressive chemicals that are often encountered in industrial applications.
4. Conducting investigations on the long-term effects such as creep and fatigue for
CFRP systems since this domain represents a challenge to FRP service integrity.
5. Performing similar tests and examining the validity of the findings of this study
for reinforced beams/elements to simulate this situation in structures where
reinforcement have not been subjected to sever damage/corrosion

6.3 Recommendations for The Construction Industry
Based on the findings of this study and relying on credible previous work conducted
worldwide, the following recommendations are provided for the construction industry:

112

1. Handling FRP laminates needs to be a careful process since damage can occur
while handling the laminates before placement and implementation.
2. A CFRP system remains a composite that renders remarkable increase in
flexural strength for concrete beams. Hence, their rational application in repair
and retrofitting need to be encouraged.
3. CFRP application needs in-depth surface preparation and high level of skilled
labor in order to maximize the benefit from the superior properties of these
systems.
4. The use of cementitious materials in covering CFRP provide adequate
protection against temperatures less than 100 °C. This suits ultra hot weather
environments and applications where the system is exposed to direct sun heat
where the temperatures can reach 70 or 80 °C.
5. Applicators should be cautious in using currently available cementitious
materials in industrial applications where temperatures surpass 100 °C. Any
proposed protection technique at that point needs to be experimented upon and
validated in advance.
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Appendix

Unreinforced Unprotected Concrete Beams Failure Loads Calculations
Temperature

Duration (
Hours)

Maximum
Load(kN)

Max
Moment

I

Sigma

70
70
70
70
70
70
70
70
120
120
120
120
120
120
120
120
180
180
180
180
180
180
180
180

1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8

16.8
16.8
20.48
18.18
19.464
16.07
16.813
14.635
5.904
5.984
15.89
16.88
14.081
14.055
14.055
15.023
15.917
16.352
12.78
11.81
15.095
14.055
14.352
15.023

2520000
2520000
3072000
2727000
2919600
2410500
2521950
2195250
885600
897600
2383500
2532000
2112150
2108250
2108250
2253450
2387550
2452800
1917000
1771500
2264250
2108250
2152800
2253450

42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500

4.48
4.48
5.46
4.85
5.19
4.29
4.48
3.90
1.57
1.60
4.24
4.50
3.75
3.75
3.75
4.01
4.24
4.36
3.41
3.15
4.03
3.75
3.83
4.01
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CFRP Strengthened Concrete Beams Failure Loads Calculations
Temperature

Duration
(Hours)

Maximum Load(kN)

Max
Moment

I

Sigma

70
70
70
70
70
70
70
70
120
120
120
120
120
120
120
120
180
180
180
180
180
180
180
180

1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8

17.352
19.49
43.804
40.926
37.605
33.365
41.494
36.294
48.586
36.021
30.611
32.576
19.429
19.525
18.715
12.598
31.066
24.885
12.836
15.69
14.234
11.957
10.157
10.137

2602800
2923500
6570600
6138900
5640750
5004750
6224100
5444100
7287900
5403150
4591650
4886400
2914350
2928750
2807250
1889700
4659900
3732750
1925400
2353500
2135100
1793550
1523550
1520550

42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500

4.63
5.20
11.68
10.91
10.03
8.90
11.07
9.68
12.96
9.61
8.16
8.69
5.18
5.21
4.99
3.36
8.28
6.64
3.42
4.18
3.80
3.19
2.71
2.70
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Fire Protected CFRP Strengthened Concrete Beams Failure Loads Calculations
Temperature

Duration
(Hours)

Maximum Load(kN)

Max
Moment

I

Sigma

70
70
70
70
70
70
70
70
120
120
120
120
120
120
120
120
180
180
180
180
180
180
180
180

1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8
1
1
2
2
4
4
8
8

28.009
22.811
49.26
46.655
42.772
38.797
38.091
46.933
37.951
43.348
43.521
35.878
26.262
26.115
23.019
23.052
15.69
34.877
24.566
29.364
11.209
14.423
13.245
9.31

4201350
3421650
7389000
6998250
6415800
5819550
5713650
7039950
5692650
6502200
6528150
5381700
3939300
3917250
3452850
3457800
2353500
5231550
3684900
4404600
1681350
2163450
1986750
1396500

42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500
42187500

7.47
6.08
13.14
12.44
11.41
10.35
10.16
12.52
10.12
11.56
11.61
9.57
7.00
6.96
6.14
6.15
4.18
9.30
6.55
7.83
2.99
3.85
3.53
2.48

125

